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Summary 

 

Mycobacterium chimaera is a slow-growing nontuberculous Mycobacterium spp. that is now 

recognized as a separate species within the Mycobacterium avium Complex (MAC). In the past, 

M. chimaera was mainly associated with respiratory tract colonization or infections in patients 

with underlying structural lung disease. More recently, it has become recognized as the cause of 

invasive cardiovascular infections associated with open heart surgery (OHS). Cases of invasive 

M. chimaera infections have been linked to contaminated heater-cooler unit devices which are 

used for cardiopulmonary bypass during OHS. Following the global outbreak alert of invasive M. 

chimaera infections, efforts have been made internationally to assess the risks posed by these 

infections and to identify the sources of M. chimaera. In Ireland, a national investigation of M. 

chimaera infections was initiated by the Irish Health Service Executive and Health Protection 

Surveillance Centre in 2015. M. chimaera is an understudied pathogen and the overall aim of this 

project was to gain greater insight into the identification, epidemiology, antibiotic susceptibility 

and virulence of M. chimaera as a human pathogen. 

 

Most commercial diagnostic assays cannot differentiate between M. chimaera and M. 

intracellulare within the MAC. The initial aim of this study was to re-identify an archival 

collection of clinical MAC isolates in the Irish Mycobacteria Reference Laboratory (IMRL) using 

16S rRNA and ITS sequencing and to evaluate the use of a commercial assay ‘GenoType NTM-

DR’ for identifying M. chimaera. The second aim of this study was to facilitate the national 

investigation of M. chimaera infections by identifying clinical and environmental M. chimaera 

isolates in conjunction with the IMRL and Public Health Laboratory Dublin, and to investigate 

the genomic relationship of these isolates with the use of whole genome sequencing (WGS) to 

find further evidence of molecular epidemiological links to those that have been reported 

internationally. The molecular epidemiology of respiratory M. chimaera isolates has not been 

studied extensively and it is now evident that M. chimaera is often recovered from respiratory 

specimens. The third aim was to investigate the genomic diversity of respiratory M. chimaera 

isolates using WGS. Invasive M. chimaera infections are particularly associated with poor clinical 

responses with approximately 50% mortality rate, and the optimal antibiotic treatment regimen 

for these infections is unknown. The fourth aim of this study was to characterise the antibiotic 

susceptibility profiles of clinical and environmental M. chimaera isolates by performing in vitro 

antimicrobial susceptibility testing to antimicrobial agents that are commonly used for treatment 

of mycobacterial infections.  
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In collaboration with the TB Immunology research laboratory, Trinity Translational Medicine 

Institute, the final aim of this study was to perform a preliminary study to gain insight into the 

host immune response to M. chimaera with the use of a THP-1 macrophage model to investigate 

cell viability and the production of pro-inflammatory cytokines.  

 

There was a high proportion of M. chimaera isolates not previously identified by a commercial 

assay used in the IMRL. Evaluation of the GenoType NTM-DR has shown that this method can 

identify M. chimaera with 100% specificity and sensitivity and would also be useful for diagnostic 

laboratories microbiology where gene sequencing is not available. Accurate and rapid 

identification of M. chimaera is important due to the global outbreak of invasive cardiovascular 

infections and it is expected that more cases may be identified in the future due to the long 

incubation periods. M. chimaera contamination is mainly associated with Sorin/LivaNova devices 

and it is likely that these devices were contaminated at the manufacturing site rather than by local 

water sources in Ireland. WGS results from this study were consistent with those that have been 

reported internationally, which suggests that there is a low genetic diversity between M. chimaera 

isolates associated with OHS and Sorin/LivaNova HCU devices. These isolates were highly 

clonal to the global outbreak strain 1.1. By contrast, M. chimaera isolates from Maquet devices 

and unrelated respiratory M. chimaera isolates were genetically distinct. The molecular 

epidemiology of respiratory M. chimaera isolates is associated with diverse subgroups which are 

unrelated to those associated with OHS. This demonstrates that M. chimaera is an emerging 

respiratory pathogen and further investigation will be useful for identifying which strains are 

associated with colonization or clinical infection. Of the antibiotics tested, clarithromycin, 

amikacin and rifabutin had best activity against M. chimaera isolates, while susceptibility rates 

were lower for ethambutol and rifampicin. There was a high prevalence of isolates not susceptible 

to moxifloxacin or linezolid. In vitro antimicrobial susceptibility testing should help inform on 

the choice of antimicrobial agents as part of the overall therapeutic strategy. This work represents 

the first attempt to investigate the host immune response to M. chimaera infection. M. chimaera 

does not appear to induce high levels of cell death and the host defence mechanism appears to 

vary in response to the different doses of M. chimaera.  
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Chapter 1 

1 General Introduction 

1.1 Mycobacterium species 

In the past, infections caused by Mycobacterium species were mainly due to Mycobacterium 

tuberculosis Complex and Mycobacterium leprae, the causative agents of tuberculosis (TB) and 

leprosy [1]. In 1950 it was recognised by Timple and Ruyon that other Mycobacterium species 

could cause disease in humans [1]. Mycobacterium species belong to the genus Mycobacterium 

and are members of the Mycobacteriacaeae family. Mycobacteria are aerobic, non-spore forming, 

non-motile bacilli and are different to other bacteria in that their peptidoglycan layer is covalently 

linked to a layer of arabinogalactan, which is then linked to an outer layer of mycolic acids [2]. 

The lipid-rich and hydrophobic cell wall renders the species resistant to decolourisation when 

stained with a basic dye such as carbol fuchsin, and they are often referred to as ‘acid fast’ [3]. 

The mycobacterial cell wall is displayed in Figure 1 [4].  

 

The genus Mycobacterium consists of over 150 species and the mycobacterial taxonomy is 

continuously changing due to the identification of new species [5]. However, Mycobacterium 

species are mainly divided into two groups known as the M. tuberculosis Complex (MTBC) and 

Nontuberculous mycobacteria (NTM). Mycobacterium species belonging to the MTBC include 

M. tuberculosis, M. bovis, M. africanum, M. microti, M. canetti and M. bovis BCG. Species 

belonging to the MTBC are well known for causing TB disease in humans and animals [6–8]. By 

contrast, NTM are other Mycobacterium species other than species of the MTBC and M. leprae 

and M. lepromatosis [9]. NTM can cause a spectrum of diseases and overall are not well studied. 

 

1.2 Nontuberculous Mycobacteria  

1.2.1 History and Background 

Nontuberculous Mycobacteria (NTM) are opportunistic pathogens that are found ubiquitously in 

the environment and can cause a spectrum of diseases, other than TB [10]. They have also been 

referred to as atypical mycobacteria and as mycobacteria other than tuberculosis (MOTT) [11]. 

NTM were discovered soon after the identification of M. tuberculosis by Robert Koch in 1882 

[12]. NTM were recognised as distinct Mycobacterium species in the laboratory when compared 

to M. tuberculosis and it was soon determined that M. avium was the causative agent of 
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Figure 1: The Mycobacteria Cell Envelope 

A figure representing the cell envelope of Mycobacterium species was taken from Brown et al 

[4]. The cell walls of mycobacteria are different to Gram-positive and Gram-negative bacteria as 

they consist of thin layer of peptidoglycan covalently linked to arabinogalactan, which is then 

linked to a thick layer of mycolic acids. Glycolipids and porins are also found in these cell walls, 

and lipoarabinomannan is anchored to the cell membrane by diacylglycerol. The cell wall 

surrounds a lipid membrane. 
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mycobacterial disease in animals and birds [13]. It was reported by Pinner in the 1930’s that NTM 

could be cultured from clinical specimens and environmental sources such as water [14,15]. 

However, NTM were not recognised as opportunistic pathogens in humans until in the 1950’s 

when cases of M. avium infection were being reported in HIV and non-HIV patients [14]. Since 

then, there was an increasing awareness of disease caused by NTM and this increased rapidly in 

the early days of HIV infection, as patients who were severely immunocompromised were often 

infected by NTM. Among over 150 identified Mycobacterium species, only a handful are known 

to most clinicians and microbiologists, and the role of rare Mycobacterium species is 

underestimated as they are often unrecognized or misidentified [5]. 

 

1.2.2 Classification of NTM  

In the past, Mycobacterium species were classified by Runyon based on pigment production, 

growth rate and colonial characteristics [11]. NTM can also be classified based on their growth 

rate and they are most commonly divided into two groups known as slowly-growing mycobacteria 

and rapidly-growing mycobacteria [16]. Slow-growing mycobacteria take more than one week to 

produces colonies on solid media while rapid-growing mycobacteria can produces colonies on 

solid media within a week on incubation at 37°C. Based on pigment production they can be 

classified as photochromogens (pigment produced only on exposure to light), scotochromogens 

(pigment produced when grown in the dark) and nonchromogens (no strong pigmentation) [17]. 

Examples of clinically relevant rapidly-growing mycobacteria include: M. chelonae, M. abscessus 

complex, M. fortuitium complex, M. smegmatis complex, M. mucogenicum and M. peregrinum 

[16,18]. Clinically relevant slow-growing mycobacteria include: the M. avium complex 

(comprising the original species M. avium and M. intracellulare, as well as M. chimaera and other 

species), M. kansasii and M. xenopi, M. and M. ulcerans [16]. A summary of NTM species 

commonly causing human disease is shown in Table 1 [17].  
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Table 1: NTM species commonly causing human disease* 

Slow growing mycobacteria Rapid growing mycobacteria 

Runyon group 1, photochromogens Runyon group 4 

M. kansasii M. abscessus complex 

M. marinum M. chelonae 

M. simiae M. fortuitum complex 

Runyon group 2, scotochromogens M. peregrinum 

M. scrofulaceum M. mucogenicum 

M. szulgai M. smegmatis complex 

Runyon group 3, non-chromogens  

M. avium complex (includes M. chimaera)  

M. ulcerans  

M. xenopi  

M. malmoense  

M. terrae complex  

M. haemophilum  

*Table was adapted from Koh et al 2018 [17]. 
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1.3 Epidemiology and Clinical Significance of NTM 

In comparison to M. tuberculosis, NTM disease is not notifiable in most countries, including 

Ireland as there is a lack of evidence for human to human transmission [19]. Although more 

recently, evidence for human to human transmission of species belonging to M. abscessus 

complex amongst Cystic Fibrosis (CF) patients has been reported [20]. Since NTM disease is 

non-reportable, this presents a difficulty in studying its global epidemiology as data regarding 

disease burden, disease trends and associated risk factors are unknown. However, based on 

population data the incidence and prevalence of NTM disease is thought to be increasing in many 

regions of the world, although the prevalence is generally lower in Europe than in North America 

and Australia [19,21]. The prevalence of NTM disease is also considered high and increasing in 

Korea, Japan and Taiwan based on studies from large tertiary care facilities [21].  

 

NTM are assumed to originate from the environment and are commonly associated with 

pulmonary infection, lymphadenitis, skin and soft tissue infections (SSTI) and disseminated 

infections, but can infect any tissue type in the body [22]. Of these, NTM disease is most 

commonly manifested as pulmonary infections, followed by lymphadenitis in children [23, 24]. 

A summary of major clinical infections caused by NTM is shown in Table 2. The main routes to 

infection are the skin, through the respiratory tract by infectious aerosols or through the 

gastrointestinal tract through ingestion. The presence of NTM in the natural environment and in 

the healthcare setting are responsible for the increase in cutaneous NTM infections [25]. SSTI 

result from external inoculation via trauma or surgery and are usually associated with cosmetic 

surgery/procedures, footbaths or tattooing [26–30]. Other infections include ‘fish tank or 

swimming pool granuloma’ caused by M. marinum, and ‘Buruli ulcer’ caused by Mycobacterium 

ulcerans [31–33]. Nevertheless, the most common clinical manifestation of NTM disease is 

pulmonary infections caused by M. avium complex and includes M. chimaera. Disseminated 

infection is most commonly documented in HIV infected individuals and solid organ transplant 

patients. By contrast, invasive cardiovascular infections caused by NTM is considered a rare 

complication and has been associated with M. chimaera [34]. 
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Table 2: Major Clinical Diseases caused by Nontuberculous Mycobacteria 

 

Disease Common Causes 

Pulmonary Disease  M. avium complex, M. kansasii, M. abscessus complex, 

M. malmoense, M. xenopi 

Cervical adenitis and 

Lymphadenitis  

M. avium complex, M. intracellulare, M. scrofulaceum, 

M. malmoense, M. haemophilum 

Skin and Soft Tissue Infection M. fortuitum complex, M. abscessus complex, M. 

chelonae, M.marinum, M. ulcerans, M. wolinski 

Skeletal Infection M. marinum, M. avium complex, M. kansasii, M. 

fortuitum, M. abscessus, M. chelonae 

Invasive/Disseminated 

Infection 

HIV Positive Patient: M.avium, M.kansasii 

Solid Organ Patient: M.abscessus, M.chelonae, M. 

haemophilum 

Open heart surgery patients: M. chelonae, M. fortuitum, 

M. abscessus, M. chimaera, M. massilense, M. 

peregrinum,  
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1.3.1 Pulmonary Infections 

NTM pulmonary infection is generally, but not always, associated with patients who have 

underlying structural lung disease such as CF, chronic bronchitis or chronic obstructive 

pulmonary disease (COPD) which predisposes them to NTM infection [35]. A study from 

Australia revealed that MAC and M. kansasii were the most common slow growing 

Mycobacterium species to cause significant pulmonary disease, while M. chelonae/M.abscessus 

and M. fortuitum were the most common rapidly growing Mycobacterium species identified 

among respiratory isolates [19]. However, the identification of NTM species from respiratory 

specimens does not always equate to disease and guidelines for determining NTM pulmonary 

disease have been published by the American Thoracic Society (ATS) in 2007 and more recently, 

by the British Thoracic Society in 2017 [35,36]. Patients with M. abscessus complex are most 

frequently reported in patients with CF are most likely to meet the ATS definition for NTM 

pulmonary disease [19].  

 

Nevertheless, NTM pulmonary infection is manifested in several forms. The first form is 

radiographically indistinguishable from tuberculosis and is characterised by cavitation. The most 

common species causing this form of NTM pulmonary infection are M. avium, M. kansasii and 

M. malmoense and they often affect HIV negative patients with predisposing lung conditions [16]. 

The second form is also known as nodular bronchiecstasis and does not resemble tuberculosis. 

The risk factors are poorly understood but it is related to non-smoking patients and most often 

occurs in middle aged or elderly women without predisposing lung conditions (also known as 

Lady Windermere Syndrome) and MAC is the primary group involved [37,38]. The third form of 

mycobacterial lung disease is also known as the ‘hot-tub lung’ which is often caused by MAC 

and often occurs in male and female middle-aged patients [39]. The route of infection is thought 

to be through inhalation of NTM in water droplets from showers, baths and hot-tubs [40]. This is 

also thought to be the main route of acquisition of MAC infections in HIV-infected patients in the 

United States [41].  

 

1.3.2 Invasive/Disseminated Infections 

In the past, disseminated infection has mainly been associated with HIV-infected patients and in 

those who are severely immunocompromised, although disseminated NTM infections have also 

been described in non-HIV individuals [42]. M. avium is the most common species identified in 

disseminated NTM infections in HIV patients, in comparison to other species belonging to the M. 

avium complex [43]. The incidence rate of MAC disseminated infections has declined due to the 

introduction of antiretroviral therapy and prophylaxis treatment of disseminated infections is 
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usually sufficient to reduce the risk of infection in HIV-infected individuals [35]. However, 

disseminated infection is still frequent amongst immunosuppressed patients undergoing solid 

organ transplantation. M. haemophilum, M. chelonae and M. abscessus which appear to play an 

important role in these cases [44].  

 

Invasive cardiovascular infections, particularly infective endocarditis (IE), caused by NTM is a 

rare complication of heart valve surgery [34]. Reported cases are often associated with the 

insertion of biological and mechanical valves, although cases involving native heart valves have 

also been reported [34]. Reported cases of IE caused by NTM were predominantly due to rapidly 

growing mycobacteria (RGM) including M. chelonae, M. abscessus, and M. fortuitum [45–49]. 

From 2000 to 2013, over 30 reports were published on invasive NTM infections associated with 

IE and RGM accounted for more than 60% of these infections [34]. Prosthetic valve endocarditis 

caused by M. fortuitum had extremely poor clinical outcomes with few published reports on 

successful treatment [50]. Other NTM including M. peregrinum, M. neoaurum, M. massiliense 

and M. goodi were occasionally reported as causing IE [51–56]. M. goodi, M. massiliense, M. 

peregrinum, and M. neoaurum were reported to cause IE following prosthetic valve surgery [51–

53,56]. Prosthetic valve endocarditis caused by MAC was also recognised in 2011 when M. 

chimaera was first reported to cause prosthetic valve endocarditis and bloodstream infection in 2 

patients after cardiovascular surgery. Since then, M. chimaera is notoriously known for causing 

invasive cardiovascular infections linked with the use of a certain make of heater-cooler unit 

devices used during open heart surgery [57,58]. The mycobacterial pathogens reported associated 

with IE that were published between 2000 to 2013 is shown in Figure 2 [34]. Overall, the risk 

factors associated with IE were cardiac surgery, implant of foreign material, intravenous drug use 

and other miscellaneous risk factors including rheumatic heart disease and previous infective 

endocarditis [34]. Cardiac surgery involving mitral valve replacement and aortic valve 

replacement was the major predisposing risk factor. Infections involving electronic cardiac device 

implants is rare and is more commonly due to rapidly growing mycobacteria than to slow growing 

mycobacteria [59]. 
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Figure 2: Cases of Infective Endocarditis caused by NTM species (n=45) from 2010 to 2013 

The distribution of NTM species reported in the literature from 2010 to 2013 in causing infective 

endocarditis with predisposing risk factors including cardiac surgery, implant of foreign material, 

intravenous drug use and other miscellaneous risk factors including rheumatic heart disease and 

previous infective endocarditis are shown in the figure above. The figure was adapted from Shi-

Min et al 2015 [34]. 
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1.4 Pathogenesis and Interaction with the Host Immune Response 

Species belonging to the MAC are opportunistic pathogens and are considered less pathogenic as 

they lack several virulence factors when compared to M. tuberculosis. MAC are usually readily 

cleared via the innate and adaptive host defence pathways. However, in certain circumstances 

MAC can invade, replicate and cause chronic infections in the immunocompromised host due to 

immunosuppressant drugs or underlying disease. Although the incidence of MAC declined in 

HIV-infected patients, antiretroviral therapy is not always available or successful. MAC infection 

in non-HIV infected individuals is rare but is increasing. In HIV negative individuals, 

susceptibility to pulmonary infections often occurs in the context of predisposing lung conditions. 

M. chimaera can present as pulmonary infections in immunocompetent patients with and without 

underlying lung disease.  

 

Susceptibility to MAC infections is enhanced in the immunocompromised host and/or by 

functional deficiencies. Much of our understanding of the hosts immune response to 

Mycobacterium species belonging to the MAC has come from M. avium while the immunological 

response to M. chimaera and other species belonging to MAC has not been extensively studied. 

MAC are intracellular pathogens which owe much of their virulence capability to survive and 

replicate within macrophages. Macrophages play an essential role in the innate immune system 

by recognising pathogens via pathogen recognition receptors (PRR) (such as Toll Like Receptors 

2 and 4), ingesting and degrading invading pathogens, and initiating an inflammatory response 

[60]. Similar to M. tuberculosis, NTM use macrophages as a tool to spread in the host by 

manipulating PRR’s, cytokine production, reactive oxygen and nitrogen species, phagosome 

maturation and other killing mechanisms such as cell death and autophagy [60].  

 

Upon infection, PRR’s recognise pathogen associated molecular patterns (PAMPs) which include 

cell wall components of mycobacteria, secreted proteins and nucleic acids which stimulate 

phagocytosis. Following uptake of the pathogen into a macrophage, the resulting phagosome 

undergoes a maturation process by interacting with lysosomes to form a phagolysosome for 

degradation [61]. Like M. tuberculosis, M. avium can inhibit fusion with lysosomes by modifying 

phagosomal pH [62,63]. Some mycobacteria including M. tuberculosis may also exit from the 

phagosome and enter into the cytosol via the secretion of virulence factors through the ESX-1 

secretion system and secrete Early Secreted Antigenic Target 6 (ESAT-6) [64]. In comparison to 

M. tuberculosis, M. avium lacks the ESX-1 secretion system [65]. In M. avium, the gene 

MAV_2941 encodes a PI3 K protein which is exported by the OppA transporter in the ATP-

binding cassette to the macrophage cytoplasm, which interacts with host proteins and phagosome 

maturation [66].  
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If intracellular bacteria can evade host killing, they can sometimes escape from phagocytic cells 

and infect neighbouring cells. The spread of bacteria can occur directly between cells or through 

the induction of cell death [67]. Therefore, pathogens may target the cell death pathway as a 

virulence mechanism. It has been shown that M. avium can escape autophagic killing by inducing 

apoptotic cell death as a tool for its spreading [68]. Early et al proposed that MAC are 

phagocytosed by macrophages and some bacteria are killed upon apoptosis, however some 

bacteria are capable of escaping apoptotic bodies and escape to the extracellular space where they 

become phagocytosed by another macrophage [68]. However, it is unclear whether MAC induces 

apoptosis to kill the host cell as a virulence mechanism or if macrophages try to eliminate the 

pathogen as a defence mechanism. 

 

1.5 Mycobacterium avium Complex  

Although there are currently more than 150 Mycobacterium species identified, the 

Mycobacterium avium Complex (MAC) is the most common NTM group causing pulmonary 

disease. MAC pulmonary disease has been reported worldwide and is found in 

immunocompromised patients and in immunocompetent individuals [14,69]. Other 

manifestations of MAC infection include disseminated disease and cervical lymphadenitis [69]. 

The MAC consists of a growing number of slow-growing species. Some of its well-known species 

include: M. avium, M. intracellulare, and M. chimaera [70]. M. avium can be further divided into 

four subspecies (subsp.) including M. avium subsp. avium, M. avium subsp. silvaticum, M. avium 

subsp. paratuberculosis and M. avium subsp. hominissuis. Other members belonging to MAC 

include M. marseillense, M. timonense, M. bouchedurhonense, M. yongonense, M. colombiense, 

M. arosiense, M. vulneris, M. paraintracellulare and M. lepraemurium [71–75]. MAC was 

recently defined for taxonomical and clinical purposes as a group of slow growing mycobacteria 

that have a similar sequence identity to at least two genes of M. avium ATCC 25291 or M. 

intracellulare ATCC13950: 16S rRNA gene, rpoB region and hsp65 [75]. The phylogenetic 

relationship of species belonging to the MAC is represented in Figure 3 [75]. 

 

Different members of MAC can cause a range of infections including pulmonary disease, 

lymphadenitis, disseminated infections in immunocompromised individuals and inoculation 

infections of the skin and soft tissue. These infections are often caused by the original members, 

M. avium and M. intracellulare. Disseminated MAC infection was originally described in patients 

who were severely immunocompromised and were infected with HIV [76,77]. Disseminated 

MAC infections caused by M. avium are four times more common than those caused by M. 

intracellulare [22], although occasional reports of disseminated infections caused by M. 

intracellulare and other MAC species have been reported [78]. M. chimaera is an emerging 
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pathogenic member of MAC and has been described causing pulmonary infection, osteomyelitis, 

endocarditis and disseminated disease [57,58,70,79]. However, the spectrum of diseases 

associated with the other MAC members is not fully documented as very few isolates and their 

clinical background have been reported. Nevertheless, the range of diseases caused by MAC 

overlaps with other NTM species, as previously discussed, and the clinical features are not 

specific to MAC. By contrast, M. lepraemurium and M. avium subsp. paratuberculosis cause 

disease in animals and they are specific to murine and feline leprosy, and Johne’s disease in cattle, 

respectively [74,80]. A summary of human disease caused by MAC members is provided in Table 

3. 
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Figure 3: Phylogenetic Analysis of the Mycobacterium avium complex 

This represents the phylogenetic relationship of species belonging to the Mycobacterium avium 

complex (MAC) and other NTM species. Phylogenetic analysis was performed using the near 

complete 16S rRNA gene sequence. The scale represents 2 base pair (bp) difference. Species 

belonging to the MAC include M. avium (subspecies), M. intracellulare, M. chimaera, M. 

colombiense, M. vulneris, M. arosiense, M. lepraemurium, M. marseillense, M. yongonense, M. 

timonense, M. boucheduhonense and M. paraintracellulare. This figure was taken from van Ingen 

et al [75]. 
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Table 3: Clinical diseases associated with members of the M. avium complex in humans 

Species Associated disease References 

M. avium  Pulmonary, lymphadenitis, disseminated disease, 

osteomyelitis, 

skin and soft tissue infection 

[81] 

M. intracellulare Pulmonary, lymphadenitis, disseminated disease, 

osteomyelitis, skin and soft tissue infection 

[35] 

M. chimaera Pulmonary, osteomyelitis, endocarditis, 

disseminated disease, aortic graft infection 

[57,58,70,79] 

M. arosiense Pulmonary, osteomyelitis, skin and soft tissue 

infection 

[73,82] 

M. colombiense Disseminated disease [71,83] 

M. vulneris Lymphadenitis, skin and soft tissue infection [84] 

M. marseillense Lymphadenitis and pulmonary [72,85–87] 

M. bouchedurhonense No clinical data [72] 

M. timonense No clinical data, previously isolated from HIV 

infected patient and CF patient 

[72,87,88] 

M. yongonense Pulmonary [89,90] 

M. paraintracellulare Pulmonary [91] 
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1.6 Mycobacterium chimaera  

1.6.1 Background, Prevalence and Epidemiology  

Mycobacterium chimaera is a slow-growing nontuberculous Mycobacterium species and was 

determined to be a separate species within the MAC in 2004 by Tortoli et al [70]. It was previously 

known as the MAC-A sequevar due to its unique 16S rRNA gene and 16S-23S Internal 

Transcribed Spacer region (ITS) and was classified as a separate species based on several 

phenotypical and epidemiological characteristics which seemed to distinguish M. chimaera from 

other MAC species. However, M. chimaera is often misidentified due to its close genetic 

relationship with M. intracellulare [70]. M. chimaera was reported to have unique mycolic acid 

patterns in comparison to other MAC organisms and was mostly recovered from human 

respiratory samples up to 2011 [70].  

 

The prevalence of M. chimaera in the environment and amongst respiratory infection and 

colonisation appears to vary geographically. Studies from South Korea showed that the majority 

of respiratory MAC lung infections were caused by M. intracellulare (72%) rather than M. 

chimaera (3%) [92]. The natural reservoir of M. chimaera is not well known but studies from the 

United States have reported a high prevalence in household water and biofilms [93]. The 

prevalence of M. chimaera in the environment is unknown in Europe, however several studies in 

the Netherlands found an absence of M. chimaera in drinking water and household water [94–

96]. A study of environmental NTM in Hawaii found that M. chimaera was the most prevalent 

NTM species recovered from environmental household water samples [97]. 

 

Tortoli et al. reported M. chimaera as a highly virulent strain in comparison to other MAC species 

as 7/12 patients infected with M. chimaera had significant pulmonary disease [70]. By contrast, a 

study from Germany in 2008 suggested that M. chimaera is less pathogenic in comparison to 

other species within the MAC, (eg. M. intracellulare and M. avium) based on a retrospective study 

between conducted between 2002 and 2006. This study showed that 86% of M. intracellulare 

clinical isolates were reidentified as M. chimaera [98]. However, only 3.3% were determined to 

have M. chimaera lung disease [98]. Between 2009 and 2011, M. chimaera was linked to 

pulmonary infections in patients with underlying structural lung disease such as COPD and CF in 

a few published reports [79,99,100]. In 2013, the first cases of prosthetic valve endocarditis and 

bloodstream infection due to M. chimaera were reported. These were two patients who had 

previously undergone cardiovascular surgery in Switzerland and molecular typing of these 

isolates by Randomly Amplified Polymorphic DNA-Polymerase chain reaction (RAPD-PCR) 

showed an identical pattern between these two cases, suggesting an epidemiological link [57]. 
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Intensive efforts were made to identify a nosocomial source in the affected hospital, however no 

M. chimaera was identified to have an identical RAPD-PCR pattern to that of the two patients at 

the time [57]. Further reports linking invasive M. chimaera infections and open-heart surgery 

from Europe, USA and Australia were followed [101–103].  

 

 

1.6.2 M. chimaera outbreak associated with the use of heater-cooler units during 

open heart surgery 

Following the detection of invasive M. chimaera infections in 2 patients at the University Hospital 

of Zurich in 2011, it was not clear if these represented nosocomial infections at the time [57]. As 

mentioned earlier, M. chimaera and other species belonging to the MAC were previously known 

to cause pulmonary infections associated with underlying structural lung disease and disseminated 

infections in patients who were immunocompromised at the time. The first outbreak was reported 

in Switzerland in 2015 following the identification of more cases [58]. Epidemiological 

investigations of the operating theatres, air samples and water sources were performed in the 

hospital in Zurich that led to M. chimaera being found in the water the of heater cooler units 

(HCU) [58]. HCU’s contain water tanks which pump temperature-controlled water through close 

circuits to external heat exchangers for cardiopulmonary bypass which regulate the temperature 

of the patient’s blood [104]. They contain a fan to facilitate the release of excess heat through grid 

openings which results in aerosolization via the exhaust fan [104]. It was hypothesised by the 

authors that infectious M. chimaera became aerosolized into the operating room which ultimately 

infected the surgical site of the patients. This was originally supported by evidence from air 

samples which cultured M. chimaera only when the HCU’s were switched on in the operating 

theatre [58]. Further investigations by Sommerstein et al. used smoke dispersal experiments that 

confirmed that M. chimaera aerosols from HCU devices could potentially be transmitted to 

patients during cardiac surgery despite having an ultraclean air ventilation system in the operating 

room [105]. A schematic figure representing the transmission of aerosols from HCU devices is 

shown in Figure 4 [106].  
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Figure 4: Schematic representation of the aerosolization of M. chimaera from a heater-

cooler unit to a patient during open heart surgery 

M. chimaera is aerosolised from heater-cooler units to the operating field and ultimately infects 

the patient during open heart surgery. The main areas of contamination in the HCU include the 

tubing (represented as 1) and water contained within the device (represented as 2). This figure 

was taken from Ninh et al [106]. 
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1.6.2.1 Investigation of the Source of Outbreak 

Following outbreak alerts from Switzerland, a rapid risk assessment was initiated by the European 

Centre for Disease Prevention and Control (ECDC) and Centers for Disease Control (CDC) 

Atlanta, and this prompted environmental investigations of possible M. chimaera contamination 

in heater-cooler units worldwide [107,108]. As of September 2017, more than 120 cases of M. 

chimaera infections associated with cardiovascular surgery has been reported worldwide, 

including the Netherlands, Switzerland, Germany, UK, Ireland, and the United States [102,109–

116]. According to the Food and Drug Administration (FDA) medical reports, these infections 

were linked to a specific type of heater-cooler unit known as Sorin 3T, manufactured by LivaNova 

(formerly known as Sorin group) [117,118]. LivaNova is a major medical device distributor for 

cardiopulmonary bypass products used for cardiovascular surgery worldwide and this poses a 

public health concern as thousands of patients are likely to be have been exposed during open 

heart surgery [119]. Investigations of the Sorin/LivaNova manufacturing site in Germany also 

found M. chimaera contamination during the production process of HCU devices and preliminary 

typing results suggested a single point source of contamination [120]. The source of the outbreak 

remained to be further investigated as a number of countries including the UK, Australia and USA 

were reporting M. chimaera contamination of HCU’s in their institution [103,121,122]. Individual 

countries and cardiac centres began investigating the molecular epidemiology of M. chimaera 

isolates recovered from water samples of HCU’s by whole genome sequencing (WGS) and results 

showed that the isolates were highly related to M. chimaera isolates from patients with invasive 

cardiovascular infections [103,121–123]. It was concluded that a single point source of M. 

chimaera contamination of LivaNova/Sorin HCU’s was the likely explanation for this global 

outbreak. These conclusions were additionally supported by WGS results of M. chimaera isolates 

recovered from another brand of HCU’s known as ‘Maquet’ in Denmark which showed that M. 

chimaera isolates from Maquet devices were unrelated to M. chimaera isolates recovered from 

LivaNova/Sorin HCU in the United Kingdom [124]. More recently, a global molecular 

epidemiological study of M. chimaera isolates from cardiac surgery was performed and confirmed 

that the contamination of LivaNova/Sorin HCU was due to a single point source of contamination 

that led to the majority of invasive M. chimaera infections in patients [101]. 

 

1.6.2.2 Identification of Invasive M. chimaera Infection and Clinical Presentation 

The number of invasive M. chimaera infections associated with open heart surgery is increasing. 

More recently, cases of invasive M. chimaera infections associated with open heart surgery have 

been reported from Italy and Spain [125], and M. chimaera contamination of HCU has been 

identified in China [126]. As of April 2018, there have been 150 clinical cases of M. chimaera 
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infection associated with open heart surgery that have been identified worldwide as shown in 

Figure 5 [127]. Although the risk of M. chimaera infection is considered low (approx. 1/1000 

patients undergoing open heart surgery), there is a 50% mortality rate that is due to the 

complications of invasive M. chimaera infections in spite of combination antimicrobial therapy 

[109]. Due to the slow-growing nature of M. chimaera, the latency period from the time of surgery 

to presentation of infection has ranged from 1 to 4 years. Patients with invasive M. chimaera 

infection associated with cardiovascular surgery have usually presented with prosthetic valve 

endocarditis, vascular graft infection and disseminated infection [109]. M. chimaera infections 

relating to aortic valve and mitral valve surgery have been the most common presentations. Other 

manifestations of M. chimaera infection include surgical wound infection and/or infections 

associated with cardiac assist devices have been reported [112,116,128]. Symptoms relating to 

invasive M. chimaera infections are non-specific; fever, shortness of breath and weight loss have 

been reported [109]. There is no standardised method for diagnosing M. chimaera infections 

associated with open heart surgery due to the broad spectrum of disease. Patients who develop 

unexplained illness following cardiac surgery should be considered for the diagnosis of M. 

chimaera infection [116]. The Irish Health Protection Surveillance Centre (HPSC) suggests that 

clinicians investigating any patient who has previously undergone cardiothoracic surgery for 

endocarditis or other infection should consider mycobacterial infection in the differential 

diagnosis and organise appropriate testing [110].  
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Figure 5: Clinical cases of invasive cardiovascular M. chimaera infections associated with 

open heart surgery identified worldwide as of April 2018.  

A total of 150 clinical cases of invasive cardiovascular M. chimaera infections identified 

worldwide including Australia (n=7), Canada (n=5), China (n=2), Switzerland (n=11), Germany 

(n=6), Netherlands (n=4), Italy (n=8), Spain (n=3), USA (n=70), UK (n=30), and including 

Ireland (n=4) where cases have been reported to the HPSC [103,109,110,112–116,125,128–130]. 

No cases have been identified or reported from Belgium and Denmark. This figure was adapted 

from information Barbara Haase et al [127]. 
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Figure 6: Surgical Procedures associated with M. chimaera infections reported 

internationally 

M. chimaera infections in reported cases were most commonly associated with surgical 

procedures involving: prosthetic valves (n=33), aortic valve and grafts (n=12), aortic graft (n=10), 

coronary artery bypass grafting (CABG) (n=9), valve reconstruction (n=6), left ventricular assist 

device (LVAD) (n=6), heart transplant (n=3), congenital disease (n=3) and thoracic procedures 

(n=2) [103,109,110,112–116,125,128–130]. The figure was adapted from Barbara Haase et al 

[127] 
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1.6.2.3 Control and Mitigation of Risk Factors 

As there is an increasing awareness of M. chimaera contamination of water in HCU’s, on-going 

control measures include enhanced surveillance of HCU’s, optimising decontamination 

procedures and management of airflows in the operating theatre [131,132]. Currently, the only 

way to guarantee patient safety is complete removal of the HCU device from the operating theatre. 

The complete removal of HCU from the operating theatre is not a straightforward process as HCU 

devices are used by perfusionists and are essential for cardio-pulmonary bypass. Approaches that 

have been suggested are to (i) ensure that the HCU device is not pointing directly at the operating 

field, (ii) to place the HCU outside of the operating room or (iii) the use of airtight housings for 

HCU’s [133]. However, this is not feasible in all hospitals due to the restriction in tubing length 

that has less flexibility with the use of HCU’s [133]. Currently new technology and a new HCU 

design is not currently available. Although, HCU devices manufactured by Maquet have not been 

associated with M. chimaera cardiac surgery related infections to date and may be a better 

alternative to Sorin/LivaNova devices due to their internal design which does not allow for the 

production of aerosols [132]. Nevertheless, microbial contamination of heater cooler units is 

widespread and is not specific to a manufacturer or single model [132]. The environmental 

conditions of HCU’s are ideal for the formation of biofilms as the water in these devices is 

constantly heated and cooled which encourages biofilm growth [134]. Stagnant water in the pipe 

materials of these devices allows bacteria to survive and proliferate [134]. Reliable disinfection 

protocols and surveillance are needed as new HCU devices have been reported to be contaminated 

during the manufacturing process [120]. Pictures of Sorin 3T and Maquet HCU models are shown 

in Figure 7. 
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Figure 7: Different brands of Heater-cooler units used for cardiopulmonary bypass during 

open heart surgery 

Sorin 3T heater cooler units manufactured by LivaNova (formerly Sorin) have been associated 

with the majority of M. chimaera infections. This relates to the design of the device which allows 

for aerosolization of M. chimaera. HCU30 and HCU40 models are manufactured by Maquet and 

are associated with M. chimaera contamination without aerosolization. No links of Maquet 

machines with invasive M. chimaera infections have been reported to date. This figure was 

adapted from the web links. 
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1.6.2.4 Contamination of thermoregulatory devices used for ECMO  

In addition to the use of HCU’s during cardiothoracic surgery, they are also employed during 

extracorporeal membrane oxygenation (ECMO), also known as extracorporeal life support. 

ECMO is important for providing prolonged cardiac and respiratory support in patients whose 

heart and lungs are unable to provide adequate gas exchange or perfusion [135]. They offer similar 

functions to cardiopulmonary bypass used during cardiothoracic surgery. They are often used in 

intensive care units and are important for sustaining life in patients who are critically ill and highly 

immunocompromised. It was hypothesised by Trudzinski et al that patients requiring ECMO 

treatment for respiratory failure might be at risk for M. chimaera infection as heater cooler units 

or thermoregulatory devices are used for ECMO treatment [136]. Investigations of water samples 

from thermoregulatory devices used for ECMO treatment were positive for M. chimaera and a 

retrospective review of patient records identified 3 patients who had ECMO treatment and 

subsequently had M. chimaera identified from respiratory samples [136]. Air samples were 

negative for M. chimaera and the genetic relatedness of these isolates to each other was not 

confirmed. Strict decontamination of devices used for ECMO is required to reduce and eradicate 

M. chimaera contamination [137]. Recent molecular epidemiological studies by van Ingen et al 

showed that two M. chimaera isolates from Maquet ECMO devices were genetically distinct from 

one another and one of the isolate was closely related to the global outbreak strain 1.1 [101]. 

Nevertheless, the clinical implications of M. chimaera contaminating ECMO devices remains 

unclear and no links to patients have been confirmed to date.  

 

 

1.6.3 The National Investigation of M. chimaera infections in Ireland  

In response to the publication of the rapid risk assessment of invasive M. chimaera infections by 

ECDC in April 2015, a National Incident Management and Learning Team (NIMLT) was 

established in May 2015 to investigate the risks of M. chimaera infections associated with 

cardiovascular surgery in Ireland [110]. The NIMLT consists of the Health Service Executive 

(HSE), the Health Products Regulatory Authority (HPRA), the Health Protection Surveillance 

Centre (HPSC), the nine cardiothoracic surgery centres, the Public Health Laboratory (PHL) and 

the Irish Mycobacteria Reference Laboratory (IMRL) [110]. The Department of Clinical 

Microbiology in Trinity College Dublin also facilitated the national investigation by identifying 

clinical and environmental M. chimaera isolates and by providing genomic typing of identified 

isolates.  
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Four cardiothoracic surgery centres used LivaNova/Sorin HCUs and five centres used Maquet 

HCUs at the time [110]. By November 2016, all LivaNova/Sorin HCU’s were replaced by Maquet 

devices and all nine centres used Maquet HCUs, except one LivaNova/Sorin HCU was retained 

as back-up in one centre [110].  

 

1.6.4 Laboratory Identification and Diagnosis 

Species belonging to the MAC cannot be differentiated when using traditional biochemical tests. 

Likewise, the use of high-performance liquid chromatography (HPLC) of the mycobacterial cell 

wall for differentiating species belong to the MAC is difficult as there are subtle differences 

observed between species belonging to the MAC [75]. Historically, most clinical microbiology 

diagnostic laboratories reported the identification of MAC as a group without differentiating to 

species level because they were considered to be highly similar and clinical features of patients 

who were infected with these two species were considered indistinguishable. With the 

development of molecular identification methods, several new species closely related to M. 

intracellulare have been identified [75]. Differentiation of species belonging to the MAC is 

important for accurate diagnosis and for identifying outbreaks due to the emergence of invasive 

M. chimaera infections associated with open heart surgery [101].  

 

1.6.4.1 Commercial DNA Probe Assays 

Most commercial DNA probe diagnostic assays can identify MAC as a group and individual 

species for M. avium and M. intracellulare. Likewise, line probe assays such as INNO-LiPA 

Mycobacteria® (Fujirebio Diagnostics, USA) and GenoType Mycobacterium CM/AS assays 

(Bruker-HAIN Diagnostics, Germany) contain species-specific probes for M. avium and M. 

intracellulare. M. chimaera and other members of the MAC are often misidentified as M. 

intracellulare as they cross react with the molecular probes in commercial diagnostic assays. A 

recent validation of INNO-LiPA by Lecorche et al showed that the assay can identify M. chimaera 

as ‘MIN-2’ and M. intracellulare as ‘MIN-1’, allowing both species to be differentiated [138]. 

Currently, a line probe assay GenoType NTM-DR (Bruker-HAIN Diagnostics, Germany) contain 

species specific probes that have been developed to allow for the identification of M. chimaera as 

well as M. avium and M. intracellulare. However, it has been reported that rare Mycobacterium 

species can cross react with line probe assays specific for MAC. These species do not belong to 

the MAC and include Mycobacterium nebraskense, Mycobacterium saskatchewanense, 

Mycobacterium seoulense, Mycobacterium palustre and Mycobacterium paraffinicum [139,140]. 

Therefore, a positive result from line probe assays is strongly suggestive of the species identified, 

but does not absolutely confirm that an isolate in question belongs to the MAC.



27 

 

 

Table 4: A list of Mycobacterium species detected with the use of INNO-LiPA Mycobacteria, 

GenoType Mycobacterium CM and GenoType NTM-DR 

Commercial DNA probe assay Species 

INNO-LiPA Mycobacteria® M. avium, M. intracellulare, MAIa M. 

tuberculosis complex, M. kansasii, M. xenopi, 

M. gordonae, M. genavense, M. simiae, M. 

marinum and M. ulcerans, M. celatum, M. 

scrofulaceum, M. malmoense, M. 

haemophilum, M. chelonae complex, M. 

fortuitum complex, and M. smegmatis. 

GenoType Mycobacterium CM M. avium, M. intracellulareb, M. chelonae, M. 

abscessus complex, M. fortuitum group, M. 

gordonae, M. scrofulaceum, M. interjectum, 

M. szulgai, M. kansasii, M. malmoense, M. 

marinum/M. ulcerans, M. tuberculosis 

complex 

GenoType NTM-DR 

 

M. avium, M. intracellulare, M. chimaera  

a. MAI=Mycbacterium avium-intracellulare, M. chimaera is identified as MIN-2 and M. 

intracellulare is identified as MIN-1 

b. GenoType Mycobacterium CM assay can’t differentiate between M. intracellulare and M. 

chimaera 

 



28 

 

1.6.4.2 Gene Sequencing 

Sequence analysis of the genes encoding 16S rRNA, hsp65, rpoB and 16S-23S intergenic region 

have been used to identify and distinguish between closely related species of the MAC. Gene 

sequencing methods have been the gold standard in order to identify closely related species as 

DNA probes often fail to or can’t identify closely related species of the MAC. M. intracellulare 

and M. chimaera are closely related and can be distinguished by 16S rRNA and 16S-23S ITS 

region. The nucleotide sequences between M. intracellulare and M. chimaera only differ by one 

nucleotide mismatch within the 16S rRNA gene, whereas there are 21 nucleotide mismatches in 

the ITS sequence [70]. In the past, it was considered that there was no treatment advantage for 

routine differentiation between species belonging to the MAC. However, due to the emergence 

of invasive M. chimaera infections, identification of MAC to species level may have further 

therapeutic implications.  

 

1.6.4.3 MALDI-TOF MS 

Matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) 

is a useful technology that has been widely used in clinical microbiology for microbial 

identification. MALDI-TOF is based on comparison of protein mass spectra generated from 

samples which are then compared with a reference database for rapid identification of the species 

[141]. The suitability of this technology for the identification of Mycobacterium species remains 

as an area of research as methods for protein extraction need to be standardised [142]. One of the 

limitations is that new species can only be identified if the reference database contains the protein 

mass spectra for that species [143]. As a result of the global outbreak of M. chimaera infections 

associated with contaminated HCU devices in open heart surgery, efforts have been made to 

improve the reference database to identify M. chimaera using Bruker Biotyper MALDI-TOF MS 

system [144]. Previously, a comparison and evaluation of the Vitek MS (bioMerieux) and the 

Bruker Biotyper (Bruker Daltonik) MALDI TOF MS systems showed that both systems could 

not accurately distinguish between M. intracellulare and M. chimaera [145,146]. Furthermore, 

these commercial databases do not contain all validated MAC species. It is suggested that data 

accumulation using commercial and laboratory-generated databases can ultimately assist in 

identifying other members of the MAC. 

 

1.6.5 Epidemiological Typing 

In the epidemiology of infectious diseases and NTM infections, the key issue is to define the 

source of infection and to identify its routes of transmission and dissemination in the environment. 
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For this to be accomplished, the ability to discern and track individual strains is of critical 

importance. Molecular typing methods have greatly improved our understanding of the 

epidemiology of mycobacterial infections in terms of the sources of infection, transmission links, 

relapse or reinfection and the geographical distribution of strains in the environment [147]. In 

comparison to the pathogenic species of the MTBC, typing methods for NTM, and in particular 

species within the MAC is still in its early stages due to the recent recognition of the potential 

pathogenicity of species belonging to this complex [147,148]. There are several methods 

described for the molecular typing of MAC including Mycobacterial Interspersed Repetitive 

Units-Variable Number Tandem Repeats (MIRU-VNTR), Pulsed Field Gel Electrophoresis 

(PFGE) and Random amplified polymorphic DNA-Polymerase Chain Reaction (RAPD-PCR) 

[149]. However, studies of a single high discriminatory typing method for various NTM and MAC 

species are substantially lacking. The molecular epidemiology of M. avium and M. intracellulare 

has been studied the most in comparison to their closely related species, Mycobacterium chimaera 

[150–155]. However, no standardised and validated system has been reported for molecular 

typing of M. chimaera. 

 

1.6.5.1 MIRU-VNTR 

Variable Number Tandem Repeats (VNTR) are polymorphic structures in the genomes of highly 

monomorphic species. VNTR’s found on Mycobacterial Interspersed Repetitive Units (MIRUs) 

have been discovered and used to type different species of mycobacteria [156–158]. MIRU-

VNTR genotyping is based on the different numbers of repeats of microsatellite DNA at 

informative loci across the mycobacterial genomes that are amplified using PCR. The amplicon 

size is determined using electrophoretic migration. As the length of the repeat unit is known, these 

sizes reflect the numbers of the amplified VNTR copies. This results in a numerical code, 

corresponding to the repeat number in each VNTR locus. An optimised set of 24 MIRU-VNTR 

markers for M. tuberculosis was proposed by an international consortium including ten European 

and American laboratories in 2006 [158]. Clusters can be identified, however similar patterns may 

sometimes be found for unlinked strains. By contrast, eight MIRU-VNTR loci/markers have been 

found in M. avium which distinguished 30 genotypes [159]. Likewise, the VNTR loci have been 

investigated for M. intracellulare and 16 VNTR loci were identified which distinguished 50 

genotypes [151,152]. The use of VNTR typing has not been investigated for M. chimaera.  

 

1.6.5.2 Pulsed Field Gel Electrophoresis 

Pulsed Field Gel Electrophoresis (PFGE) involves digestion of chromosomal DNA by restriction 

endonucleases, followed by gel electrophoresis and analysis of the electrophoretic pattern. PFGE 
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typing was used to show that potting soil containing M. avium was the suggested source of M. 

avium infection in one patient [160]. Overall PFGE has a high discriminatory power for MAC 

strains and is inexpensive but is technically demanding, requires highly trained staff and a high 

quality of DNA [149]. PFGE requires adaptation for individual NTM species and was the most 

frequently used method for NTM, however due to the advent of whole genome sequencing, this 

method has been superseded.  

 

1.6.5.3 Randomly Amplified Polymorphic DNA-PCR 

Randomly Amplified Polymorphic DNA-PCR (RAPD-PCR) depends on amplification of random 

fragments of genomic DNA using arbitrarily designed primers and strain types are assessed by 

comparing the electrophoretic pattern of the PCR product. The use of RAPD-PCR was used as a 

typing method in the early days to investigate the source of M. chimaera endocarditis and 

disseminated infection in patients undergoing open heart surgery and typing results suggested that 

the source of infection was due to water in contaminated heater-cooler units [57,58]. Overall, 

RAPD-PCR provides high discriminatory power to allow for strain differentiation and can be 

performed with unknown DNA sequences but has poor reproducibility [147].  

 

1.6.5.4 Whole Genome Sequencing (WGS) 

The use of whole-genome sequencing (WGS) for phylogenetic comparison is considered the most 

appropriate method as it offers the highest level for discrimination between pathogen genomes 

and it is capable of characterising genetic information underlying virulence and antimicrobial 

resistance [161,162]. WGS has been used to link M. chimaera isolates from contaminated heater-

cooler units to patients worldwide and has helped identify a likely single point source of 

contamination. Whole genome analysis of a larger collection of M. chimaera isolates from 

sporadic infections, environmental reservoirs and epidemiologically unrelated M. chimaera 

isolates should reveal the population structure of M. chimaera. Recent global epidemiological 

study of M. chimaera isolates relating to cardiovascular surgery identified 11 subgroups of M. 

chimaera [101]. Subgroup 1.1 was identified as the global outbreak strain causing the majority of 

M. chimaera cardiovascular infections [101].  

 

1.6.5.4.1 NGS Technology and Challenges  

Following the development of the first gene sequencing method by Fred Sanger in 1977 (also 

known as first generation sequencing) [163], gene sequencing methods have progressed and ‘next 

generation’ sequencing (NGS) method is available (also known as second generation sequencing). 
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This has made WGS more accessible and affordable by parallelized DNA amplification [164]. 

Massively parallel DNA amplification and sequencing was possible by the invention of bridge 

amplification and sequencing by synthesis technology as described in Figure 8 [165]. Sequencing 

technology and platforms by Illumina are most commonly used and short reads of DNA (300 – 

600 bp) can be amplified and sequenced from the genome of interest.  

 

With the accessibility of whole genome sequencing, bioinformatic challenges are presented to 

scientists with large complex molecular data who may have some or no resources for 

bioinformatic analysis. Raw short read DNA sequence files in FASTQ format are typically 

produced from Illumina sequencers (ie. Miniseq, Miseq and Hiseq platforms). Large WGS data 

can be analysed efficiently using open source programmes that are available only on Linux 

operating systems, but this requires the knowledge of computer programming language and is a 

steep learning curve for scientists with no prior knowledge of computer programming. On the 

contrary, commercially available software such as Geneious and Bionumerics (Applied Maths) 

provide a graphical user interface (GUI) for analysing WGS data but commercially available 

software is costly and time-consuming for analysing large datasets. Short read sequence files are 

analysed bioinformatically by mapping the sequences to a reference genome (draft or complete) 

or by creating a de novo assembly when no reference genome is available. The resulting genome 

of interest can then be interrogated further.  

 

The use of WGS for routine diagnostics in clinical microbiology is promising as the cost of 

sequencing continues to decrease and can reduce turn-around times. However, the transition to 

WGS in diagnostic microbiology laboratories is still in its early stages due to technical 

requirements such as optimization of laboratory protocols for standardisation and the 

interpretation of data [166]. The use of WGS for molecular epidemiological typing is needed for 

difficult to grow organisms such as mycobacteria [166]. WGS is now being used routinely in the 

National Mycobacterial Reference Laboratory in Birmingham and Public Health England to 

identify strains belonging to MTBC and predict drug their susceptibility [167,168]. Further 

evaluation of WGS for Mycobacterium species identification showed great accuracy but more 

work is needed to increase the proportion of predictions made [169] 

. 
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Figure 8: Illumina Next Generation Sequencing Technology - Sequencing by Synthesis. 

Single stranded DNA containing modified adaptors are hybridized to a flow cell containing 

oligonucleotides. Single strands of DNA fold over to neighbour oligonucleotides and bridge 

amplification occurs to generate clusters. The double stranded DNA clusters are denatured and 

cleaved and reversed strands are cleaved to allow for forward strands to be sequenced. Sequencing 

is initiated by the addition of DNA polymerase (POL), primer and 4 reversible dye terminators. 

Following the incorporation of one base, unincorporated bases are removed, and the fluorescence 

signal is detected to determine the base call. Once the fluorescence is recorded, the fluorescence 

and block is removed to allow the incorporation of the next base. This figure was taken from 

Voelkerding et al [165].  



33 

 

1.6.6 Antimicrobial Treatment  

1.6.6.1 Pulmonary disease  

The treatment of MAC lung disease is challenging and less successful when compared to 

treatment of TB [170]. Treatment requires prolonged use of antibiotic combinations that have a 

high toxicity potential, so that the management of NTM lung disease is usually undertaken by 

experienced clinicians at centres with access to a reference laboratory service for mycobacterial 

cultures and in vitro drug susceptibility testing [171]. Unlike pulmonary TB, treatment of NTM 

infection is not always initiated and a decision for treatment is made based on the potential risks 

of side effects to antibiotics and the benefit of treatment for individual patients [172]. Some 

patients who have minimal symptoms and stable radiographic disease may be managed without 

treatment, provided that they do not have a decreased host immunity [171]. Patients with 

fibrocavitary disease usually require immediate treatment because there is a higher mortality rate 

associated with cavitary disease in patients with NTM lung disease [172]. Treatment of MAC 

pulmonary infections is usually based on a three drug regimen and consists of a macrolide and a 

combination of rifampicin/rifabutin, ethambutol or addition of amikacin for a duration of 17-24 

months, including 12 months of culture negativity as recommended by the American Thoracic 

Society (ATS) and the British Thoracic Society (BTS) guidelines [35,36]. Amikacin and 

streptomycin is also recommended for patients with severe disease and fibrocavity forms. The 

antibiotic treatment of MAC lung disease is summarised in Table 5 [36].  

 

1.6.6.2 Invasive/disseminated infections 

Treatment of disseminated MAC infections in HIV individuals consists of a macrolide 

(clarithromycin or azithromycin) and a combination of ethambutol or rifabutin which has proven 

clinical efficacy [173]. The use of a macrolide alone (e.g. clarithromycin) for disseminated MAC 

infections has been associated with development resistance and treatment failure in almost 50% 

of patients [174]. Ethambutol is generally considered as the second drug used for treatment of 

MAC disseminated disease. A rifamycin (e.g rifabutin or rifampicin) is also used. In vitro 

susceptibility testing has shown that rifabutin is more effective against MAC when compared to 

rifampicin [175]. However, the added benefit of rifamycin to treatment is unclear. Lifelong 

treatment of MAC in patients with AIDS is required [35].  

 

The treatment of M. chimaera infections is challenging as the optimal treatment for invasive 

cardiovascular M. chimaera infections associated with open heart surgery is unknown. Invasive 

cardiovascular M. chimaera infections have been reported in patients without severe 
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immunodeficiency [109]. The treatment of invasive M. chimaera infection has been based on the 

same drugs that are used to treat MAC pulmonary infection. The treatment regimen for patients 

with disseminated M. chimaera infection has consisted of a daily three drug regimen of 

azithromycin/clarithromycin, ethambutol and rifampicin if susceptibility testing showed 

susceptibility to macrolides. Intravenous amikacin has also been added to the treatment regimen 

for invasive M. chimaera infections. The duration of treatment is unknown as studies of invasive 

M. chimaera infections in patients showed poor clinical outcomes despite prolonged combination 

therapies with 50% mortality rate [109]. 

 

 

 

Table 5: Recommended Treatment Regimens for Adults with M. avium complex Pulmonary 

Disease* 

MAC disease type Antibiotic Regimen Duration 

Non-severe MAC 

pulmonary disease 

Rifampicin, Ethambutol, 

Azithromycin/clarithromycin 

3 times per week. 

Treatment for a 

minimum of 12 months 

after culture conversion  

Severe MAC-pulmonary 

disease 

Rifampicin, Ethambutol, 

Azithromycin/clarithromycin 

and/or amikacin 

Daily. Treatment for a 

minimum of 12 months 

after culture conversion. 

Intravenous Amikacin 

should be considered for 

up to 3 months  

Clarithromycin Resistant 

MAC-pulmonary disease 

Rifampicin, Ethambutol and 

Isoniazid or moxifloxacin, 

and/or amikacin 

Daily. Treatment for a 

minimum of 12 months 

after culture conversion. 

Intravenous Amikacin 

should be considered for 

up to 3 months  

*Table was adapted from the British Thoracic Society guidelines for treatment of NTM 

pulmonary infections [36]  
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1.6.7 Antimicrobial Susceptibility Testing  

Another complexity in the treatment of NTM and M. chimaera infections is that in vitro 

susceptibility testing results and in vivo response to treatment have not been well studied with the 

exception of clarithromycin for treatment of MAC infections [174,176]. The role of antimicrobial 

susceptibility testing (AST) has been the subject of debate and uniform agreements concerning 

the indications for susceptibility testing of MAC isolates do not exist [177]. Currently, the Clinical 

and Laboratory Standards Institute (CLSI) guidelines recommend to test the in vitro susceptibility 

of clinical MAC isolates to macrolides (clarithromycin and azithromycin) only as it is the only 

drug class that has evidence for in vivo clinical response in controlled clinical trials [178]. Due to 

technical difficulties, clarithromycin is the most appropriate as azithromycin has poor solubility 

in vitro when testing at high concentrations. Although there is insufficient clinical data to establish 

the correlation of in vivo response to linezolid and moxifloxacin, these secondary agents should 

be considered for treatment in cases of macrolide-resistant MAC isolates as tentative breakpoints 

have been proposed by CLSI [178]. By contrast, rifampicin, rifabutin, amikacin and streptomycin 

are not recommended for in vitro susceptibility testing due to the lack of data to correlate with 

clinical responses.  

 

Currently, CLSI recommends that broth microdilution is the standard for susceptibility testing of 

NTM. Susceptibility testing of MAC should be performed using a broth based method, either 

microdilution or macrodilution [178]. The SLOMYCO Sensititre® panel (TREK Diagnostic 

Systems, OH) is a broth microdilution method that is commercially available as a 96 well plate 

containing 13 lyophilised drugs used for testing against slow-growing mycobacteria, including 

MAC. The advantages of this method is that multiple antimicrobial agents can be tested at several 

different concentrations (doubling dilutions) at the same time [179]. However it is also 

recommended that macrodilution is preferred when testing against azithromycin as this agent is 

more soluble in larger volumes of broth [178].  

 

In the past, the broth macrodilution method for AST of mycobacteria was performed using the 

radiometric BACTEC 460 system (Becton Dickinson Microbiology Systems, USA) but this has 

now been replaced by the automated BACTEC 960 MGIT system (Becton Dickinson, USA) 

[180]. This method was originally used for testing the susceptibility of M. tuberculosis against 

critical concentrations of first and second line antitubercular treatment agents [181]. The use of 

critical concentrations which only tests against a single drug concentration for NTM is unsuitable 

due to the differences within species and between species [182]. It is generally agreed that 

quantitative AST may provide better correlation with clinical outcome and discrete changes in 

drug susceptibility can be monitored during treatment [183]. Evaluation of AST results from the 
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BACTEC 960 MGIT for slow-growing NTM, including M. avium, M. intracellulare and M. 

kansasii showed high concordance to results from the BACTEC 460 system when testing multiple 

concentrations against clarithromycin, amikacin, ofloxacin, rifampicin and rifabutin [183]. 

Nevertheless, published AST data on NTM is limited and comparison of results between the use 

of MGIT 960 system and the SLOMYCO Sensititre method have not been published [184]. 

 

1.6.8 Drug Resistance 

Extensive research has been carried out on multi-drug resistant M. tuberculosis isolates to 

characterise acquired genetic mutations. However, the mechanisms of drug resistance in NTM is 

not as well understood, despite the fact that the protein sequences of drug targets are almost 

identical to those in M. tuberculosis [177,185]. Drug resistance mechanisms associated with 

macrolides and aminoglycosides have been described for MAC [186,187]. By contrast, the 

genetic determinants for rifamycin, ethambutol and aminoglycoside resistance are largely 

uncharacterised in MAC, mainly due to the lack of information on the correlation between the use 

of these agents and treatment outcomes. Antimicrobial resistance mechanisms for these agents 

have been studied in other mycobacteria species [177,180].  

 

1.6.8.1 Macrolides 

Macrolides are protein synthesis-inhibiting antimycobacterial agents which target the ribosome 

and act by binding to the peptide exit tunnel of the ribosome, which prevents growing of the 

peptide chain and further elongation [188]. High levels of macrolide resistance has been reported 

to be associated with single point mutations in position 2058 and 2059 in the 23S rRNA gene (rrl) 

in several clinical NTM isolates of MAC, M. chelonae, M. abscessus, M. fortuitum and M. 

kansasii [185]. Inducible macrolide resistance caused by the erm41 gene which codes for 

erythromycin ribosomal methyltransferance methyltransferase has been characterised only in 

rapid-growing mycobacteria such as M. abscessus complex and is not known to be present in 

slow-growing mycobacteria such as MAC [189].  

 

1.6.8.2 Aminoglycosides 

Likewise, aminoglycosides inhibit protein synthesis by binding to the ribosome near the A site 

[190]. Mutations in the 16S rRNA gene (rrs) result in the modification of the 30S subunit of the 

drug target in which case the drug can no longer bind [190]. Aminoglycoside resistance has been 

associated with mutations in position 1408 of the 16S rRNA gene in MAC isolates which were 
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from patients previously treated with amikacin [186]. The most frequent mutations reported were 

A1408G in 16S rRNA gene in MAC isolates.  

 

1.6.8.3 Rifamycin 

Rifampicin is often included in the regimen for treatment of MAC infection to prevent the 

emergence of macrolide resistance. It is another key component for treatment of NTM infections 

caused by MAC. Rifamycin (rifampicin and rifabutin) resistance has been associated with 

mutations in the rpoB gene for M. tuberculosis, but there are limited data regarding the association 

of rpoB mutations with resistance in MAC isolates [191]. Rifamycins act by binding to the beta 

subunit of the DNA-dependent RNA polymerase enzyme, and thus blocks RNA synthesis [192]. 

These mutations are identical to those conferring rifampicin resistance in M. tuberculosis [193].  

 

1.6.8.4 Ethambutol 

Ethambutol is responsible for disrupting mycobacteria cell wall synthesis by inhibiting 

polymerization of arabinan in arabinogalactan and lipoarabinomannan [194]. It is primarily an 

antituberculosis agent, but it is often included in the therapy of MAC infections and other slow 

growing mycobacteria. Ethambutol likely targets the embB gene which encodes for arabinosyl 

transferase and resistance mutations within the emb operon have been characterised in M. 

tuberculosis [177,180]. The embB gene is identified in MAC and other NTM but resistance 

mutations have not been fully characterised [194]. 

 

1.6.8.5 Fluoroquinolones 

Fluoroquinolones (moxifloxacin) are sometimes used as alternatives for the treatment of 

macrolide resistant MAC strains. Fluoroquinolone resistance in rapid growing mycobacteria has 

been associated with stepwise mutations in the quinolone resistance determining region (QRDR) 

of gyrA gene [195]. Mutations in the gyrA and gyrB genes are also often reported in resistant 

isolates of M. tuberculosis but have not been characterised in moxifloxacin resistant MAC isolates 

[196]. 

 

1.7 Aims of this Project  

M. chimaera is an understudied pathogen and its increasing importance as a human pathogen has 

been highlighted by the global outbreak of invasive M. chimaera infections [107]. Prior to the 

national investigation of M. chimaera infections in Ireland, M. chimaera was not routinely 

identified in the IMRL as the molecular diagnostic test could not differentiate between M. 
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chimaera and M. intracellulare. To our knowledge, clinical and environmental M. chimaera 

isolates had not been identified or characterised in Ireland prior to this study and the molecular 

epidemiology of M. chimaera was unknown. The overall aim of this project was to gain greater 

insight into the identification, epidemiology, antibiotic susceptibility and virulence of M. 

chimaera as a human pathogen by employing molecular identification techniques, typing of 

isolates by WGS, determining the antimicrobial susceptibility profile and investigating the hosts 

immune response to M. chimaera. This should help provide greater insight into the transmission, 

and possible ways to control and prevent M. chimaera infections. In addition, this project also 

helped to improve the diagnostic services provided by the IMRL in identifying clinical and 

environmental M. chimaera isolates and facilitated the national investigation of M. chimaera 

infections associated with open heart surgery in Ireland. 

 

The aims of the project were: 

 

1. To reidentify and assess the prevalence of M. chimaera amongst an archival collection 

of clinical MAC isolates that could have been misidentified by a commercial assay in 

the IMRL and to evaluate the suitability of GenoType NTM-DR which could be used 

for identifying M. chimaera routinely in the IMRL. 

 

2. To assist the national investigation of invasive cardiovascular M. chimaera infections in 

Ireland by identifying clinical and environmental M. chimaera isolates and to investigate 

the molecular epidemiology of M. chimaera isolates associated with HCU’s and open-

heart surgery to find further evidence of epidemiological links.  

 

3. To investigate the molecular epidemiology and strain diversity of respiratory M. 

chimaera isolates and to provide further evidence that they are epidemiologically 

unrelated to those associated with open heart surgery.  

 

4. To determine the antimicrobial susceptibility profiles of clinical and environmental M. 

chimaera isolates to antimycobacterial agents commonly used to treat infections  

 

5. To optimise a cell viability assay and to carry out a preliminary study to investigate the 

immune response of macrophages infected with M. chimaera. 
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Chapter 2 

2 Identification of Mycobacterium chimaera and Evaluation of 

GenoType NTM-DR assay 

 

2.1 Introduction 

Mycobacterium chimaera is a slow-growing nontuberculous mycobacterium recently recognised 

as a novel species within the Mycobacterium avium Complex (MAC) [70]. Similar to 

Mycobacterium avium and Mycobacterium intracellulare, M. chimaera is also associated with 

infections primarily in immunosuppressed patients and in those with an underlying lung disease 

[35,197,198]. However, identifying M. chimaera as the cause of these infections is difficult as it 

is often misidentified as M. intracellulare using current phenotypic and molecular tests [98]. 

Many commercial assays such as the GenoType Mycobacterium CM (Bruker-HAIN Diagnostics, 

Germany), AccuProbe MAC culture identification test (Genprobe, United States) and INNO LiPA 

Mycobacteria (Immunogenetics, Ghent, Belgium) cannot distinguish between these two closely 

related species [199].  

 

The importance of accurate identification of M. chimaera is highlighted by its recent emergence 

as a major cause of life-threatening cardiovascular infections following open heart or vascular 

surgery [57–59,79,98,109] . Recent outbreaks of invasive M. chimaera infections following 

cardiac surgery have been reported in several countries in Europe and in the United States 

[57,105,109,122]. Investigations in Switzerland have demonstrated an airborne transmission 

route of M. chimaera infection, whereby aerosols from contaminated water in heater-cooler units 

are transmitted to the patient during open heart surgery [105]. Following these reports, the 

European Centre for Disease Prevention and Control initiated the production of a rapid risk 

assessment of invasive M. chimaera infections associated with heater-cooler unit (HCU) devices. 

Many Mycobacteriology Reference Laboratories are assisting national investigations in 

identification of clinical and environmental isolates of M. chimaera [105,200]. In Ireland, the 

Irish Health Protection Surveillance Centre (HPSC) instigated a national incident management 

system to coordinate this investigation and the Irish Mycobacteria Reference Laboratory (IMRL) 

in St. James’s Hospital is facilitating the national investigation by identifying clinical and 

environmental isolates of M. chimaera. 
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Accurate identification of M. chimaera has required complex molecular techniques based on 

sequencing the 16S rRNA gene and/or the 16S-23S ITS region [70,98]. Previous nucleotide 

sequence analysis of the 16S rRNA gene reveals that there is only one nucleotide mismatch when 

compared to M. intracellulare. On the other hand, 21 nucleotide mismatches are present with 

regards to the 16S-23S ITS region. GenoType NTM-DR ver 1.0 (Bruker-HAIN Diagnostics, 

Germany) is a new commercial assay based on reverse hybridization of a PCR product to a 

nitrocellulose strip containing immobilised probes which are specific for species belonging to the 

MAC (M. avium, M. intracellulare and M. chimaera), as well as the Mycobacterium abscessus 

complex. The GenoType NTM-DR ver 1.0 assay targets the 23S rRNA gene region for the 

identification of species belonging to the MAC, whereas the erm gene is used to differentiate 

between members of the M. abscessus complex. Determination of molecular resistance to 

macrolides is also tested by identifying mutations within the 23S rRNA gene (also known as rrl) 

and erm gene. Likewise, molecular resistance to aminoglycosides is also tested by identifying the 

presence of mutations within the 16S rRNA gene (also known as rrs). The binding of the 

amplified product to a specific probe results in the development of a coloured band on the strip 

which allows the species to be identified by its banding pattern.  

 

The aims and objectives of this study were to identify M. chimaera amongst a retrospective 

collection of MAC isolates that were previously identified to species level with the GenoType 

Mycobacterium CM assay in the IMRL. Molecular sequencing of the 16S rRNA gene and 16S-

23S ITS region was used to re-identify MAC species and the specificity of the GenoType NTM-

DR assay was also determined for identifying species belonging to the MAC. The overall aim of 

this work was to investigate the prevalence of M. chimaera amongst archival MAC isolates and 

to evaluate identification methods that could be used in the IMRL to accurately identify M. 

chimaera in clinical diagnostic specimens and to assist the national investigation of M. chimaera 

infections in Ireland.  
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2.2 Materials and Methods 

 

2.2.1 Research Ethics 

The work carried out in this chapter was part of the Health Services Executive M. chimaera 

National Incident Investigation performed in collaboration with the IMRL. Ethics approval was 

not required. No individual patient data or identifiers have been included. 

 

2.2.2 Working in a Containment Level 3 Facility  

Although hazard group 3 pathogens were not used in this study and most NTM species are hazard 

group 2 pathogens, all positive culture work was performed in containment level 3 (CL3) facilities 

in the IMRL. Strict safety protocols were adhered to in the laboratory and personal protective 

equipment was used at all times. CL3 facilities in the IMRL provide negative pressure, a sealed 

room for fumigation purposes and HEPA filtered air leaves the room. All work was performed 

under the supervision of IMRL staff in the CL3 laboratory. 

 

2.2.3 MAC Isolates and Sample Selection  

All clinical MAC isolates (n= 174) included in the study had been referred from Irish hospitals to 

the IMRL in St. James’s hospital between 2007 and 2016, and were stored frozen on 7H9 

Middlebrook medium in a -80°C freezer. All clinical M. intracellulare isolates included for gene 

sequencing were selected based on one sample per patient per year. Repeat MAC isolates from 

the same patient were excluded unless the patient had an isolate from a different specimen type. 

Additionally, all isolates from non-respiratory samples were included. M. avium isolates from 

2013 and 2015 were selected based on one sample per patient per year and were also included as 

part of the retrospective identification. A reference strain of M. chimaera Deutsche Sammlung 

von Mikroorganismen (DSM) 44623 was also cultured in a Bactec MGIT 960 liquid culture 

system and was included as a positive control for 16S rRNA and ITS sequencing and also for the 

GenoType NTM-DR assay. 

 

2.2.4 Mycobacterial Culture using the BD Bactec MGIT Culture System 

All selected MAC isolates were re-cultured from frozen cultures into a Bactec MGIT 960 liquid 

culture system (Becton Dickinson and Company, USA). Using a pipette, 250 µl of the defrosted 

culture was inoculated into BBLTM MGITTM mycobacterial growth indicator tubes (MGIT) 

containing Middlebrook 7H9 medium with growth supplement (BD BBLTM MGITTM SIRETM) 
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and a mixture of polymyxin, amphotericin B, nalidixic acid, trimethoprim and azolocillin 

(PANTA) which inhibit bacteria other than mycobacteria (BD BBLTM MGITTM PANTATM, New 

Jersey, USA). Inoculated mycobacterial growth indicator tubes were incubated in the automated 

BD Bactec MGITTM instrument for a maximum of 42 days at 35ºC (± 2ºC). When ‘Δ Growth / Δ 

Time’ reached a predefined threshold by the instrument, the mycobacterial culture was deemed 

positive. 

 

2.2.5 DNA Extraction from positive liquid cultures of Mycobacteria 

Following growth of the isolates, extraction of DNA was carried out using the Genolyse® 

extraction kit (Bruker-HAIN Diagnostics, Germany) as per manufacturer’s instructions. In the 

class I biological safety cabinet, 1 ml of positive culture was taken from the MGIT and transferred 

into a clean eppendorf tube. The samples were centrifuged at 13,000 x g for 15 min and the 

supernatant was removed. The pellet formed at the bottom was re-suspended in 100 µl of lysis 

buffer (A-LYS) by vortexing the tube. Microtubes containing viable mycobacteria were 

submerged in a 95°C water bath for 5 min in order for cultures to be inactivated by heat. Following 

heat inactivation of cultures, 100 µl of neutralisation buffer (A-NB) was added, mixed thoroughly 

using a vortex, and centrifuged at 13,000 x g for 5 min. The supernatant containing the DNA was 

then removed and transferred into a pre-labelled clean 0.5 ml tube. 

 

2.2.6 Heat Inactivation Control  

With each batch of isolates tested, a heat inactivation control strain of M. chimaera DSM 44263 

was included to ensure the organisms were inactivated following lysis and heat inactivation at 95 

°C for 5 min. 1ml of PANTA was added to two MGIT tubes pre-labelled as ‘Pre-inactivation and 

‘Post inactivation’. 100 µl of positive M. chimaera culture was inoculated into the ‘Pre-

inactivation tube’ and following heat inactivation, the entire DNA extract was inoculated into the 

‘Post inactivation’ tube. Both MGIT tubes were incubated up to 6 weeks to ensure no viable 

organisms are present within the control tubes. 

 

2.2.7 Amplification of the 16S rRNA gene and the 16S-23S ITS region 

The DNA extracted from clinical isolates was used as a template for PCR amplification of the 

16S rRNA gene and the 16S-23S ITS region. The following components were added to each PCR 

reaction: 12.5 µl ReddyMix PCR Master Mix with 1.5 mM MgCl2 (Thermo Fischer Scientific, 

United States), 1.25 µl Forward primer (Sigma-Aldrich, United States), 1.25 µl Reverse primer 

(Sigma-Aldrich, United States) , 5 µl Nuclease free water and 5 µl DNA extract, as summarised 



44 

 

in Table 6. All PCR amplification and sequencing primers used for specific target genes are 

summarised in Table 7. Seq1 forward primer and Seq2 reverse primer were used for amplification 

of 16S rRNA gene. On the other hand, Sp1 forward primer and Sp2 reverse primer were used for 

amplification of the ITS region. Following amplification, 16S rRNA gene products were 

sequenced using primers 244 and 259 and ITS products were sequenced with the same primers 

used for DNA amplification. PCR amplification was performed on a Veriti 96-well thermal cycler 

(Applied Biosystems, USA) with the same thermocycling conditions for both 16S rRNA gene 

and the 16S-23S ITS region. Amplification conditions consisted of initial denaturation at 95°C 

for 5 min, 38 cycles of the following: denaturation at 95°C for 25 sec, annealing temperature at 

62°C for 35 sec and an extension at 72°C for 65 sec, followed by a final extension at 72°C for 5 

min. A non-template control containing nuclease free water was also included as a negative 

control for the DNA amplification step.

 

 

 

Table 6: PCR Reaction Components for 16S rRNA gene and 16S-23S ITS sequencing 

Component Volume/reaction (µl) Final Concentration 

 

ReddyMix PCR Master Mix 

(with 1.5 mM MgCl2) 12.5 µl 

 

- 

Forward Primer 1.25 µl 0.5 µM 

Reverse Primer 1.25 µl 0.5 µM 

Nuclease Free Water 5 µl - 

DNA Extract 5 µl 0.5-125 ng 

Total Volume 25 µl   
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Table 7: PCR amplification and sequencing primers used for 16S rRNA and 16S-23S ITS 

region in Mycobacterium avium complex isolates 

 

Primer name* Primer Sequence Reference 

Seq-1 Forward 5’-CACATGCAAGTCGAACGGAAAGG-3’ Roth et al. 

1998 [201] 

Seq-2 Reverse 5’-GCCCGTATCGCCCGCACGCT-3’ Roth et al. 

1998 [201] 

Sp1 Forward 5’-ACC TCC TTT CTA AGG AGC ACC-3’ Roth et al. 

2000 [202] 

Sp2 Reverse 5’-GAT GCT CGC AAC CAC TATCCA-3’ Roth et al. 

2000 [202] 

244 5’-CCCACTGCTGCCTCCCGTAG-3’ Kirschner et 

al. 1993 [203] 

259 5’-TTTCACGAACAACGCGACAA-3’ Kirschner et 

al. 1993 [203] 

*Seq-1 Forward and Seq2 Reverse primers were used for PCR amplification of the 16S rRNA gene. Sp1 

Forward and Sp2 Reverse Primers were used for sequencing the 16S-23S ITS region. 16S rRNA gene 

products were sequenced using 244 and 259 primers and ITS products were sequenced with the same 

primers used for DNA amplification. 
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2.2.8 Gel electrophoresis of PCR Products 

PCR products were separated by agarose gel electrophoresis along with 5 µl of a 1 kb DNA ladder 

(QIAGEN, Hilden, Germany) to estimate the size of each PCR product. PCR products were 

separated on a 1.5% agarose gel (w/v) and were run at 95 V for 60 min. GelRed™ nucleic acid 

gel stain (Biotium, California, United States) was added to the agarose gel in order to stain and 

visualise the separated DNA under UV light using the Gel Doc™ System (Bio-Rad, California, 

United States). 

 

2.2.9 Purification of PCR Products 

Following confirmation of PCR products, the products were purified using the QIAquick 

purification kit as per manufacturer’s instructions (QIAGEN, Hilden, Germany). A total of 100 

µl of binding buffer (Buffer PB) was added to 20 µl of PCR product (ie. 5:1 ratio). The sample 

was transferred to the QIAquick column in a 2 ml collection tube and centrifuged at 13,000 x g 

for 1 min. The flow-through was discarded and the column was placed into a new collection tube. 

The DNA bound to the QIAquick column was washed with 700 µl of wash buffer (Buffer PE) 

and centrifuged at 13, 000 x g for 1 min. The flow through was discarded and the column was 

placed into a new 2 ml collection tube and centrifuged at 13,000 x g for an additional 1 min. The 

column was then placed in a clean 1.5 ml microcentrifuge tube and 30 µl of nuclease free water 

(pH 7.0-8.5) was added to the column. The column was incubated for 1 min at room temperature 

and was centrifuged at 13,000 x g for 1 min in order to elute the purified DNA.  

 

2.2.10 DNA Sequencing and Sequence Analysis 

The DNA concentration was estimated using the Nanodrop 2000 Spectrophotometer (Thermo 

Fisher Scientific, United States) and the purified products were diluted with nuclease free water 

as required. A concentration of 1 ng/µl per 100 base pair was required for Sanger Sequencing of 

DNA fragments. The subsequent PCR products were diluted, and DNA sequencing was 

performed by Sourcebioscience (Tramore, Waterford, Ireland). 16S rRNA gene products were 

sequenced using the 244 and 259 primers and ITS products were sequenced with the same primers 

used for DNA amplification. Raw sequence data were analysed using the DNAStar Lasergene® 

software version 12.2 and aligned sequences were converted to FASTA contig files. Aligned 

nucleotide sequence files were compared with available nucleotide sequences on the National 

Center for Biotechnology Information (NCBI) website using the Basic Local Alignment Search 

Tool (BLAST) version 2.7.0 (https://blast.ncbi.nlm.nih.gov/Blast.cgi). A maximum likelihood 

tree was built using PhyML on Geneious R11. 

 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.2.11 GenoType NTM-DR assay 

 

2.2.11.1 MAC isolates used for GenoType NTM-DR assay 

A total of 173 MAC isolates (comprising M. avium (n=29), M. intracellulare (n=49), M. chimaera 

(n=79), M. arosiense (n=2), M. timonense (n=3), M. bouchdurhonense (n=5), M. marseillense 

(n=6)) identified by 16S rRNA and ITS sequencing were included for identification using the 

GenoType NTM-DR assay (Bruker-HAIN Diagnostics, Germany). Methods for amplification of 

the 16S rRNA gene and 16S-23S ITS region were as previously described in section 2.2.7. Of 

these isolates, 162 were from clinical specimens and 11 M. chimaera isolates were previously 

recovered from water samples taken from heater-cooler units referred by Irish cardiothoracic 

surgery centres. The GenoType NTM-DR ver 1.0 assay was performed according to 

manufacturer’s instructions and the same DNA extracts as those that had been used for gene 

sequencing were used. 

 

2.2.11.2 PCR Amplification for GenoType NTM-DR 

For amplification of DNA samples, a mastermix containing 10 µl of AM-A and 35 µl AM-B per 

sample was prepared and 5 µl of DNA was added to each PCR tube as described in Table 8. The 

amplification profile consisted of 15 min of denaturation at 95°C, followed by 10 cycles 

consisting of 30 sec at 95°C and 2 min at 65°C, an additional 20 cycles comprising of 25 sec at 

95°C, 40 sec at 50°C and 40 sec at 70°C, followed by a final extension for 8 min at 70°C. A 

positive control of M. chimaera DSM 44623 and a negative control was also included for each 

assay. 

 

 

Table 8: Amplification Reaction Components for GenoType NTM-DR assay 

Component Volume per reaction (µl) 

AM-A 10 µl 

AM-B 35 µl 

DNA 5 µl 

Final volume 50 µl 
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2.2.12 Hybridization of GenoType NTM-DR  

Hybridization of amplified products was performed on the GT-Blot 48 semi-automated 

instrument (Bruker-HAIN Diagnostics, Germany) after confirmation of products on an agarose 

gel, using the method described in section 2.2.8. Solutions of Hybridization buffer and Stringent 

Wash were pre-warmed to approximately 37°C and the reagent containers were filled with the 

required volume of reagents as described below in Table 9. For each sample, 10 µl Conjugate 

Concentrate (CON-C) and Substrate Concentrate (SUB-C) was added to 1 ml of Conjugate 

Diluent (CON-D) and Substrate Diluent (SUB-D) respectively. The assay was initiated after 

mixing 20 µl of Denaturation Solution (DEN) and 20 µl of amplified sample for 5 min in the 

corner of separate wells for each sample. 1 ml of hybridization buffer was automatically added to 

each strip followed by a stop to allow for addition of membrane strips. Using sterile forceps, 

GenoType NTM-DR strips were placed carefully in each well, ensuring that the strips were 

completely covered by the solution. 5 µl of Hybridisation buffer was also added to the sensor well 

and the automated hybridization procedure was performed for approximately 2 hr and 15 min. 

Following the hybridization procedure, the strips were removed from the GT-Blot 48 instrument 

and allowed to dry. Each strip was labelled and pasted onto an evaluation sheet, and results were 

interpreted using an interpretation chart shown in Figure 9.

 

 

 

Table 9: Reagents used for Hybridization step when using the GT-Blot 48 instrument 

Solution Colour of Cap Volume required per 

Sample 

Hybridisation Buffer Green 1 ml 

Stringent Wash Solution Red 1 ml 

Rinse Solution White 3 ml 

Conjugate Orange 1 ml 

Nuclease free water Blue 3 ml 

Substrate Yellow 1 ml 
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Figure 9: Interpretation chart for the GenoType NTM-DR assay. 

The specificities of the bands are as follows: CC, conjugate control probe; UC, universal control 

probe; SP1 to SP10, species-specific probes [specific probes for macrolide resistance mediated 

by erm (41) which are not applicable to members of the Mycobacterium avium complex, specific 

probes for the rrl gene and rrs gene, and mutation probes for possible detection of resistance to 

macrolides and aminoglycosides]. Filled boxes indicate complete staining, striped boxes indicate 

facultative staining, and blank boxes indicate no staining. WT, wild type. 
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2.3 Results 

2.3.1 Species Identification of clinical MAC isolates  

2.3.1.1 MAC Isolates included in the Study  

Retrospective analysis of IMRL database showed that a total of 682 MAC clinical isolates had 

been referred to the Irish Mycobacteria Reference Laboratory, St. James’s hospital between 2007 

and 2016. Of these isolates, 508 M. avium were identified from 261 patients and 174 M. 

intracellulare were identified from 111 patients with the GenoType Mycobacterium CM assay as 

part of routine diagnostics in the IMRL. A total of 174 MAC isolates consisting of 145 M. 

intracellulare and 29 M. avium isolates were included in this study for re-identification by 16S 

rRNA and ITS sequencing. Of the M. intracellulare isolates included, 137/145 (81%) were 

isolated from pulmonary specimens, 8/145 (6%) had been isolated from non-pulmonary 

specimens. Of the M. avium isolates included, 26/29 (90%) were isolated from pulmonary 

specimens and 3/29 (10%) were from non-pulmonary specimens.  

 

2.3.1.2 Amplification of 16S rRNA and 16S-23S ITS region  

All MAC isolates selected for 16S rRNA and ITS sequencing were cultured, and DNA was 

extracted for amplification of the 16S rRNA and ITS region to reidentify MAC isolates to species 

level. The amplified gene products were confirmed on a 2% agarose gel in which 16S rRNA gene 

products produced a product size of approximately 500 bp and ITS products were approximately 

200 bp. Amplification of 16S rRNA and ITS products was successful for all isolates. A 

representation of successful amplification of 16S rRNA and ITS products is shown in Figure 10. 

 

2.3.1.3 DNA Sequencing and Sequence Analysis  

16S rRNA and ITS sequencing results for 174 MAC clinical isolates is summarised in Table 10. 

Sequencing of both 16S rRNA and ITS region re-identified 73/145 (50%) of M. intracellulare 

isolates as M. chimaera and 54/145 (37%) were confirmed as M. intracellulare. Sequencing of 

the ITS region identified 16/145 (12%) as other species belonging to MAC species, including 

Mycobacterium arosiense (n=2), Mycobacterium timonense (n=3), Mycobacterium 

bouchedurhonense (n=5) and Mycobacterium marseillense (n=6). 2/145 (1%) were identified as 

mixed cultures where one isolate was a mixture of M. chimaera and M. haemophilum, and the 

other was a mixture of M. avium and M. intracellulare. Finally, 29 M. avium isolates previously 

identified by GenoType Mycobacterium CM assay were in 100% agreement with 16S rRNA and 
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ITS sequencing results An overview of species identification results of MAC isolates is 

summarised in Figure 11.  
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Figure 10: Amplification of 16S rRNA and ITS region of MAC isolates. 

Represents M. intracellulare/chimaera and M. avium isolates selected for identification. 16S 

rRNA gene products are represented by the 500 bp band and ITS products are represented by 200 

bp bands. Molecular weight markers are represented as MM, positive control (+) and negative 

control (-ve). A). Represents 16S rRNA gene products of M. intracellulare/chimaera isolates. 

Lane 1 to 8 = Sample 1 to 8. B). Represents 16S rRNA gene products of M. avium isolates. Lane 

1 to 8 = Sample 127 to 134. C). Represents ITS products of M. intracellulare/chimaera isolates. 

Lane 1 to 8 = Samples 1 to 8. D). Represents ITS products of M. avium isolates and Lane 1 to 8 

= Sample 127 to 134. 
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Table 10: 16S rRNA and ITS sequencing results of Mycobacterium avium Complex isolates 

 

No. of isolates 

(n=174) 

GenoType  

Mycobacterium CM 
16S rRNA gene sequencing 

Identity  

% 
ITS sequencing Identity % 

29 M. avium M. avium 98-100% M. avium 100% 

54 M. intracellulare M. intracellulare 99-100% M. intracellulare 99-100% 

73 M. intracellulare M. chimaera 99-100% M. chimaera  100% 

2 M. intracellulare MAC 99% M. arosiense 100% 

3 M. intracellulare MAC 99-100% M. timonense 100% 

5 M. intracellulare MAC 100% M. bouchedurhonense 98-99% 

6 M. intracellulare MAC 99-100% M. marseillense  99-100% 

1 M. intracellulare M. avium 99% M. avium/intracellulare 99% 

1 M. intracellulare M. haemophilum 99% M. chimaera  99% 
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Figure 11: Retrospective Identification of clinical M. chimaera isolates 

A total of 682 MAC isolates were cultured in the IMRL between 2007 and 2016. Of these isolates, 

508 were identified as M. avium from 261 patients and 174 M. intracellulare from 111 patients 

with the GenoType Mycobacterium CM assay. A selection of 145 M. intracellulare isolates were 

reidentified by sequencing the 16S rRNA and ITS region. Gene sequencing results showed that 

73 (50%) were identified as M. chimaera by 16S rRNA and 16S-23S ITS sequencing, 54 (37%) 

were identified as M. intracellulare and 18 (12%) were identified as other MAC species and/or 

NTM as listed in Table 10.  
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2.3.2 Phylogenetic Analysis of 16S -23S ITS sequences of clinical MAC isolates 

Phylogenetic analysis was performed on ITS sequences and a maximum likelihood tree is shown 

in Figure 12. This revealed 3 major branches which separated clinical isolates of M. chimaera, M. 

intracellulare and M. avium. Alignment of M. chimaera ITS sequences showed 100% identity to 

M. chimaera FI-0169T (also known as DSM44623). The ITS sequences of M. intracellulare 

isolates showed 99% to 100% identity to M. intracellulare strain ATCC 15985 and the ITS 

sequences of M. avium strains showed 98% to 100% identity to M. avium strain ATCC 25291. 

The ITS sequences of M. arosiense showed 100% identity to M. arosiense strain T1921; ITS 

sequences of M. timonense showed 99% to 100% to M. timonense strain 5351974; ITS sequences 

of M. boucheduhurnense showed 98% to 99% identity to M. bouchedurhonense strain 4355387 

and finally, ITS sequences of M. marseillense showed 99% to 100% identity to M. marseillense 

strain 62863. BLAST results of all 16S rRNA and ITS sequences are listed in Appendix I.  
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Figure 12: Representative Phylogenetic Tree of ITS sequences from 72/173 clinical Mycobacterium avium Complex isolates. 

A maximum likelihood tree of ITS sequences of 72/173 clinical Mycobacterium avium complex (MAC) isolates is represented by a unique sample number 

and their relationship of Mycobacterium chimaera strain DSM44623 and other strains of M. intraceullare, M. avium, M. marseillense, M. timonense, M. 

arosiense and M. bouchedurhonense. M. chimaera isolates are highlighted in red. The scale bar represents approx. 1 SNP.
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2.3.3 Comparison of M. intracellulare and M. chimaera isolates  

The comparison of M. chimaera and M. intracellulare isolates is outlined in Table 11. The 

majority of M. chimaera isolates were recovered from pulmonary specimens (65/73, 84%) and a 

minority were recovered from extrapulmonary specimens (8/73, 8%), where 8 were from blood-

stream related specimens. Similarly, all M. intracellulare isolates with were recovered from 

respiratory samples (54/54) and none were from extrapulmonary specimens. The mean age of 

patients infected with M. intracellulare or M. chimaera were both 59 years of age. M. 

intracellulare was more frequently isolated from females (63%), while M. chimaera were 

commonly isolated from both male and females.  

 

Table 11: Comparison of M. chimaera and M. intracellulare isolates  

 M. chimaera M. intracellulare 

No. of strains 73 54 

Gender (female/male) 24/31 23/14 

Mean age (years) 59 years 59 years 

Origin of specimens   

-Pulmonary 65/73 (89%) 54/54 (100%) 

-Extrapulmonary 8/73 (11%) 0 
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2.3.4 GenoType NTM-DR for identification of M. chimaera  

The 173 archival MAC isolates identified by 16S rRNA and ITS sequencing were further 

investigated with the GenoType NTM-DR assay and successful DNA amplification of PCR 

products was confirmed by gel electrophoresis. Amplification of the 23S rRNA gene resulted in 

a product size of approximately 200 bp and 100 bp as shown in Figure 13. The GenoType NTM-

DR assay correctly identified 157/173 (91%) of MAC isolates to species level while 

misidentification occurred in 16 isolates as summarised in Table 12. M. chimaera isolates were 

identified by the band pattern UC, CC, SP2 and SP3. M. intracellulare isolates were identified by 

the band pattern UC, CC, SP2 and M. avium isolates were identified by the banding pattern UC, 

CC and SP1 as represented in Figure 14. The GenoType NTM-DR results for all 79 M. chimaera, 

49 M. intracellulare and 29 M. avium isolates were in 100% agreement with 16S rRNA and ITS 

sequencing results. Misidentification of isolates occurred with 2 M. arosiense strains, 3 M. 

timonense strains, 5 M. bouchedurhonense strains and 6 M. marseillense strains which were only 

identified by ITS sequencing. Although the GenoType NTM-DR assay does not contain specific 

probes for these rarely identified species, the hybridization patterns identified them as M. 

intracellulare. However, the sensitivity and specificity of the GenoType NTM-DR assay was 

100% for the identification of M. chimaera.  
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Figure 13: Gel Electrophoresis of GenoType NTM-DR PCR Products 

Amplification of 23S rRNA gene by the GenoType NTM-DR assay are represented as 200 bp, 

and approximately 150 bp products. Products present in negative control represent the the 

universal control or could be products due to non-specific amplification of primers. Molecular 

weight markers are represented as MM, positive control (+) and negative control (-ve). A). 

Represents amplicons of M. intracellulare in lanes 1 to 14. B). Represents amplicons of M. 

chimaera isolates in lanes 1 to17. C). Represents amplicons of M. avium isolates in lanes 1 to 4. 
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Table 12: Comparison of DNA Sequencing methods and GenoType NTM-DR for the identification of 173 Mycobacterium avium Complex species 

 a A faint band was produced in the universal control (UC) of all the isolates tested and only bands with intensities stronger that the UC were considered. 

No. of DNA Sequencing GenoType NTM-DR 

strains 16S rRNA gene  16S-23S ITS region Band patterna Identification 

29 M. avium M. avium CC, UC, SP1 M. avium 

49 M. intracellulare M. intracellulare CC, UC, SP2 M. intracellulare 

79 M. chimaera M. chimaera CC, UC, SP2, SP3 M. chimaera 

2 MAC M. arosiense CC, UC, SP2 M. intracellulare 

3 MAC M. timonense CC, UC, SP2 M. intracellulare 

5 MAC M. bouchedurhonense CC, UC, SP2 M. intracellulare 

6 MAC M. marseillense CC, UC, SP2 M. intracellulare 
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Figure 14: GenoType NTM-DR Strip Result for M. chimaera, M. intracellulare and M. avium 

A representative GenoType NTM-DR strip shows results for M. chimaera, M. intracellulare and 

M. avium. M. chimaera isolates were identified with the following banding pattern: CC 

(Conjugate Control), UC (Universal Control), SP2 (Species Probe 1) and SP3 (Species Probe 3). 

M. intracellulare isolates were identified with the banding pattern: CC, UC and SP2, and M. 

avium isolates were identified with the banding pattern: CC, UC and SP1. The antibiotic resistance 

genes rrl and rrs were both identified as wild type (WT), with no mutations present. Feint bands 

were produced in the UC and only bands stronger than the UC were considered. 
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2.4 Discussion  

In this study, an archival collection of clinical MAC isolates in the IMRL that were previously 

identified to species level with the GenoType Mycobacterium CM assay were investigated for the 

identification of M. chimaera. This assay is unable to distinguish between M. intracellulare and 

M. chimaera, but with the use of 16S rRNA and ITS sequencing, 73/145 (50%) of M. 

intracellulare isolates were identified as M. chimaera. A similar retrospective Belgian study 

found that 63% of clinical M. chimaera isolates had been incorrectly identified with the GenoType 

Mycobacterium CM assay and, likewise, a German study showed that 86% of previously 

identified M. intracellulare isolates were re-identified as M. chimaera by molecular gene 

sequencing [98,204]. By contrast, all M. avium isolates identified in this study were in 

concordance with their original identification result. This shows that misidentification of M. 

chimaera was associated only with M. intracellulare and not with M. avium. Of note, phylogenetic 

analysis of ITS sequences of MAC isolates in our study shows that M. avium is more distantly 

related to M. chimaera (Figure 12) which may explain why molecular tools have been more 

reliable for distinguishing M. avium [205]. M. intracellulare and M. chimaera only differ by a 

single nucleotide in their 16S rRNA gene sequences (T -> C in position 403), but there is greater 

divergence in the ITS sequences amongst Mycobacterium species belonging to the MAC and has 

been previously described in a similar phylogenetic analysis by Tortoli et al. [70]. The findings 

on recent whole-genome sequencing of respiratory M. chimaera isolates also support the use of 

16S rRNA and ITS sequencing to distinguish M. intracellulare and M. chimaera, as there is an 

even greater divergence between these two species at the genomic level [206]. However, 

individual strain typing of M. chimaera and other MAC species will require whole genome 

sequencing methods for higher discrimination amongst strains [206].  

 

The MAC also comprises other species which are often misidentified as M. intracellulare with 

the GenoType Mycobacterium CM assay [139]. Other MAC species which were misidentified in 

this study included M. arosiense, M. bucheduhonense, M. marseillense and M. timonense. These 

species are less often reported as many molecular diagnostic tests cannot identify them and require 

gene sequencing for species identification [72,73]. Gene sequencing has been the gold standard 

for identification of NTM species as molecular line probe assays can only identify a limited 

number of NTM species. However, not all microbiology laboratories use gene sequencing for 

identification of mycobacteria [203]. Misidentification of these MAC species has resulted in their 

under reporting as there are few published reports about their clinical significance. M. arosiense 

has been reported to cause osteomyelitis in an immunocompromised child and was initially 

misidentified as M. intracellulare by a commercial line probe assay in a report by Bang et al [73]. 

Similarly, pulmonary disease caused by M. arosiense in a patient was misidentified as M. 
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intracellulare with the GenoType Mycobacterium CM assay in another report [82]. M. timonense 

has recently been reported to cause infection in a HIV infected patient and its identification was 

achieved through molecular gene sequencing [88]. Studies have also shown that M. marseillense 

were highly drug resistant when compared to M. timonense, and this adds to the importance of 

differentiating MAC to species level [87].  

  

Identification of mixed NTM cultures is also challenging as NTM can be slow growing or rapid 

growing species. Despite the rare event of infections caused by mixed NTM species, they are 

often missed or misdiagnosed as infections caused by a single NTM species [207]. In our study 

we identified two Mycobacterium species isolated from mixed cultures which was identified as 

M. avium and M. intracellulare, and another as M. chimaera and M. haemophilum which had not 

been previously identified by the IMRL. This may be because isolates were re-cultured which 

may have encouraged growth of two species. Further investigations of these mixed isolates with 

the commercial assays GenoType Mycobacterium CM and AS assays confirmed the identification 

of two species by 16S rRNA and ITS sequencing (data not shown).  

 

M. chimaera has been reported to cause pulmonary infection in patients who have underlying 

lung disease such as COPD, chronic bronchitis and Cystic Fibrosis [79,99,197]. A comparison of 

M. chimaera and M. intracellulare isolates in this study revealed that the majority of M. chimaera 

isolates had been recovered from respiratory specimens (65/73,84%). However, previous studies 

have shown that not all patients with M. chimaera identified from respiratory specimens display 

mycobacterial lung disease [98]. Further research is needed to determine the clinical significance 

of M. chimaera identified in respiratory specimens in our patient cohort. The isolation of NTM 

from non-pulmonary specimens is a rare event and a small number of M. chimaera isolates were 

identified from non-respiratory specimens such as blood culture isolates associated with cardiac 

surgery (8/73, 11%). By contrast, M. intracellulare was not identified in extra-pulmonary 

specimens in this study. This indicates that M. chimaera is more frequently isolated in non-

pulmonary samples than M. intracellulare and this also suggests that M. chimaera is more 

associated with invasive infections when compared with M. intracellulare. However, M. avium is 

also often isolated from blood cultures and disseminated MAC infections caused by M. avium in 

HIV/AID’s individuals is more common than other MAC species [83]. 

 

Nevertheless, the importance of accurate identification of NTM species and the differentiation of 

MAC species is highlighted by emergence of invasive M. chimaera infections associated with 

open heart surgery, and one of the reasons for the under diagnosis of these infections is because 

M. chimaera is often misidentified as M. intracellulare as most laboratory tests cannot 

differentiate species within the MAC or cannot identify M. chimaera. The commercial assay, 
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GenoType NTM-DR was evaluated for the identification of M. chimaera and other 

Mycobacterium species belonging to the MAC. The novelty of this assay is that it allows 

differentiation of M. intracellulare from M. chimaera. All MAC isolates identified by 16S rRNA 

and ITS sequencing were tested with the GenoType NTM-DR assay. Of the 173 isolates, 157 

developed the expected banding pattern and 16 were incorrectly identified. A conjugate control 

band was produced on the strips of all tested isolates, indicating the efficiency of the conjugate 

binding and substrate reaction for the production of a coloured band on the strip. However, faint 

bands were produced in the universal control (UC) for all the isolates tested (Figure 14). This may 

have been due to the inefficient amplification of DNA which was displayed when confirmation 

of PCR product was performed. All M. chimaera isolates developed strong species-specific (SP) 

bands at SP probe 2 (SP2) and SP3 only. The banding patterns present, which represent more than 

one species, must be carefully interpreted, and only patterns showing strong species-specific 

bands should be taken into account. This limitation has also been noted with the previous line 

probe assay GenoType Mycobacterium CM and the AS assay (Bruker-HAIN Diagnostics, 

Germany) [208]. In our study, some M. chimaera isolates also produced a weak band at SP1, 

which might have been interpreted as a mixture of M. avium and M. chimaera. However, these 

were not considered true species-specific bands, as only bands that were much stronger than that 

seen with the UC were taken into account. Similarly, all M. intracellulare isolates tested produced 

a strong species-specific band at SP2 only and very few M. intracellulare isolates produced a faint 

band at SP3. However, these bands were always very faint or fainter than that seen with the UC 

and were similarly disregarded. Likewise, all M. avium isolates produced a strong SP1 band only, 

resulting in correct identification. From our study, we would propose that only those bands with 

intensities that are stronger than that seen with the UC should be considered. 

 

Using 16S rRNA and ITS sequencing, we identified several other MAC species including M. 

arosiense, M. marseillense, M. timonense, and M. bouchedurhonense which were misidentified 

with the GenoType NTM-DR assay as they cross-react with the M. intracellulare species probes 

present on the strips. However, those other species are isolated from clinical samples infrequently 

and misidentification of M. arosiense as M. intracellulare with the line probe assays Accuprobe, 

Inno LiPa Mycobacteria, and GenoType Mycobacterium CM has been reported previously 

[82,139]. However, there is a lack of published information on these less frequently encountered 

species and further research is needed to determine their relationship to M. intracellulare. Another 

limitation to our study is that other MAC species such as M. vulneris and M. colombiense were 

not tested with the GenoType NTM-DR assay. None of these isolates were available to test and 

we cannot be sure whether they would react with the probes present on the strip. However, these 

species are rarely reported and we did not identify these species in our collection of isolates 

referred between 2007 and 2016.  
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GenoType NTM-DR also contains probes for detecting genes conferring antibiotic resistance to 

macrolides and aminoglycosides. Resistance to these classes of antibiotics is encoded by the rrl 

and rrs genes, respectively, and they have been reported previously in the Mycobacterium 

abscessus complex [189,209]. Among those studied in our collection of MAC isolates, only two 

M. intracellulare isolates developed a corresponding mutation band for macrolide resistance (rrl 

MUT2; mutation A2058G) or aminoglycoside resistance (rrs MUT1; mutation A1408G). 

Retrospective analysis confirmed that these two isolates were phenotypically resistant to 

clarithromycin (MIC 64 ug/ml) or resistant to amikacin (MIC not available). Resistance to 

macrolides and aminoglycosides was not detected in our collection of M. chimaera and M. avium 

isolates with this assay (data not shown). Further research is needed to evaluate the performance 

of this assay for characterizing antibiotic resistance genes. 

 

In conclusion, the GenoType NTM-DR assay allows for rapid and specific detection of M. 

chimaera isolates and is in good agreement with 16S rRNA and ITS sequencing. Despite some of 

the limitations of this assay, it allows M. chimaera to be distinguished from M. intracellulare, 

giving 100% specificity and sensitivity. Not all MAC species were included in the assessment 

and further work should be performed. GenoType NTM-DR is suitable for use in diagnostic 

microbiology laboratories as it is simple, cost-effective (approximately 60 Euro per test), and 

more accessible than gene sequencing methods. The GenoType NTM-DR kit contains 96 test 

strips, and the assay can be performed without the need to refer samples to other laboratories for 

gene sequencing. This assay will be an invaluable test in addition to the GenoType 

Mycobacterium CM assay for the identification of M. chimaera, as the differentiation of MAC 

species is becoming more clinically important.  
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Chapter 3 

Investigation of M. chimaera isolates associated with 

open heart surgery 
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Chapter 3 

3 Investigation of Mycobacterium chimaera isolates associated with 

open heart surgery 

 

3.1 Introduction 

Cases of invasive cardiovascular infection caused by M. chimaera were first reported in six 

patients who had previously undergone open heart surgery (OHS) in Zurich, Switzerland [57,58]. 

Initial epidemiological investigations in Switzerland suggested a link between invasive M. 

chimaera cardiovascular infections and the use of heater-cooler units (HCU) that were used to 

regulate the temperature of the patient during surgery [58]. An airborne transmission route of M. 

chimaera infections was also demonstrated as infectious aerosols generated from HCU devices 

used during surgery were transmitted into the operating field despite ultraclean air ventilation 

[105]. Over 100 M. chimaera cases associated with contaminated HCU’s have since been reported 

worldwide and treatment of M. chimaera infections with antimicrobial therapy has been 

challenging due to poor clinical outcomes as 8/10 patients experienced therapy failure in a 

European study [57,109,129,210].  

 

Following reports produced by the European Centre for Disease Prevention and Control (ECDC) 

and Centers for Disease Control and Prevention (CDC) in the USA, the occurrence of M. 

chimaera cardiovascular infections was investigated worldwide [107,108]. M. chimaera 

contamination in HCU devices manufactured by LivaNova (formerly known as Sorin, London, 

UK) was first reported in Europe, USA and Australia [58,124,200]. Initial environmental 

investigations in Germany also reported M. chimaera contamination at the Sorin/LivaNova 

manufacturing site during the production of HCU’s and the authors stated that their preliminary 

typing results suggested that strains recovered from the manufacturing site and HCU’s were clonal 

[120]. Individual countries began investigating the molecular epidemiology of M. chimaera 

strains recovered from water samples taken from HCU reservoirs using whole genome sequencing 

(WGS) [103,121,122,124]. WGS methods can discriminate between strains to the highest level 

and facilitate pathogen tracing in clinical microbiology and public health [166,211]. WGS of M. 

chimaera strains recovered from HCU’s used in UK hospitals showed that they clustered closely 

together with M. chimaera isolates from patients who had previously undergone OHS and were 

exposed to Sorin/LivaNova HCU’s [103]. On the other hand, WGS data of M. chimaera strains 

recovered from Sorin/LivaNova HCU’s in Western Australia shared the same single nucleotide 

polymorphisms (SNPs) but were genetically unrelated to the isolate from a cardiothoracic patient 
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in their study [121]. Recently M. chimaera was also found in heater-cooler units manufactured by 

Maquet (Rastatt, Germany) [124]. Studies from Denmark have shown that the M. chimaera strains 

from the two brands of HCU’s (Sorin and Maquet) are genetically distinct based on their whole 

genome sequences [124]. More recently a global molecular epidemiological study of M. chimaera 

strains from five countries in Europe (UK, Switzerland, Denmark, Germany and Netherlands) 

provided further confirmation that M. chimaera infections associated with OHS are linked to 

contaminated Sorin/LivaNova HCU devices [101].  

 

Currently there is no standardised subtyping method for M. chimaera and WGS for phylogenetic 

analysis is considered most appropriate [107]. In the global epidemiology study of invasive M. 

chimaera infections by van Ingen et al, M. chimaera isolates were grouped based on a maximum 

distance to the nearest group member of 1000 SNPs for group attribution or ten SNPs for subgroup 

attribution [101]. The nomenclature used for M. chimaera was: Group 1 to 4, subgroup 1.1 to 

1.11, and subgroup 2.1. M. chimaera isolates grouped to the nearest group member, but which 

were not assigned subgroups, were designated as ungrouped, ie. 1.ungrouped and 2.ungrouped 

[101]. Investigations from the global epidemiological study showed that the majority of M. 

chimaera outbreak cases are caused by the outbreak strain designated subgroup 1.1 [101].  

 

Furthermore, molecular epidemiological studies have shown that the source of M. chimaera 

contamination in Sorin/LivaNova HCU devices is likely due to intrinsic device contamination, 

rather than extrinsic contamination from local water sources [101]. However, extrinsic 

contamination of HCU’s cannot be out-ruled as nontuberculous Mycobacterium (NTM) species 

are ubiquitous in nature and may be present in hospital water systems [212]. Water sampling of 

HCU’s has been shown to contain a high number of micro-organisms which facilitates the 

formation of biofilms within these devices [134]. Decontamination protocols for HCU’s 

suggested by manufacturers have been shown to be ineffective in eliminating M. chimaera and 

other NTM [213] Decontamination of Sorin/LivaNova devices requires replacement of internal 

tubing followed by stringent decontamination of devices [213,214]. Continuous monitoring of 

HCU devices is required to reduce the risk of M. chimaera cardiovascular infections.  

 

In 2015, the ECDC report on the rapid risk assessment of the potential risk of invasive 

cardiovascular infection by M. chimaera led to the Irish Health Service Executive (HSE) and Irish 

Health Protection Surveillance Centre (HPSC) establishing a national incident management group 

to coordinate an investigation of HCU’s used in 9 cardiac surgery centres in Ireland in order to 

determine the public risk of invasive M. chimaera infections [107,110]. A retrospective 

investigation of NTM isolates recovered from patients having previously undergone OHS was 

initiated by the HPSC [110]. Following this, enhanced decontamination protocols were 
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introduced, deep cleaning of HCU devices was performed by the manufacturers and the water 

used in HCU’s was changed from potable tap water to reverse osmosis, filtered or sterile water in 

quarter four of 2015 [110].  

 

The aims and objectives of this study were: 

• To assist the national investigation in Ireland by identifying M. chimaera from clinical 

and environmental water samples in conjunction with the Irish Mycobacteria Reference 

Laboratory and the Public Health Laboratory, HSE Dublin. 

• To test for the presence of M. chimaera in water samples relating to HCU’s and determine 

which cardiac centres have M. chimaera contaminated HCU devices. 

• To investigate if M. chimaera is found in local domestic and/or hospital water sources 

which may have led to contamination of HCU devices. 

• To determine the molecular epidemiological relationship between clinical and 

environmental HCU isolates of M. chimaera in Ireland by WGS and compare with 

published strains identified from the global outbreak.  

 

The goal of this study was to investigate if M. chimaera contamination in HCU’s is due to intrinsic 

device contamination or local contamination with water sources and whether M. chimaera isolates 

associated with OHS in Ireland are linked to the global outbreak strain 1.1. 
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3.2 Materials and Methods 

3.2.1 Background 

The work carried out in this chapter was part of the Health Services Executive M. chimaera 

National Incident Investigation performed in collaboration with the Irish Mycobacteria Reference 

Laboratory and Public Health Laboratory, HSE, Dublin. Ethics approval was not required. No 

individual patient data or identifiers have been included.  

 

3.2.2 The National Investigation in Ireland  

The National Incident Management and Learning Team (NIMLT) consisting of the Health 

Service Executive (HSE), the Health Products Regulatory Authority (HPRA), the Health 

Protection Surveillance Centre (HPSC), the nine Irish cardiothoracic centres (including HSE, 

public voluntary and private hospitals), the Public Health Laboratory (PHL), HSE, Dublin and 

the Irish Mycobacteria Reference Laboratory (IMRL) in St. James’s hospital was set up in June 

2015 to cooperate in a national investigation of invasive M. chimaera infection associated with 

HCU’s in Ireland. In conjunction with the Clinical Microbiology Department of Trinity College 

Dublin, this project also facilitated the NIMLT by identifying clinical and environmental isolates 

of M. chimaera and genomic typing of identified isolates. 

 

3.2.3  Case Definition 

The case definition as specified in the European Centre for Disease Prevention and Control 

protocol (ECDC) was used for M. chimaera infection associated with contaminated water from 

heater-cooler units [107]. The exposure criteria was a patient who had undergone surgery 

requiring cardiopulmonary bypass. The clinical criteria were a patient who presented with 

prosthetic valve endocarditis, prosthetic vascular graft infection, sternotomy wound infection, 

mediastinitis or disseminated infection. A confirmed case was defined as one meeting the clinical 

criteria and exposure criteria, and with M. chimaera detected by culture and identified by DNA 

sequencing in an invasive sample such as blood, pus, tissue biopsy or implanted prosthetic 

material [107, 110]. Probable cases were defined as a patient meeting the clinical and exposure 

criteria, and detection of M. chimaera by direct PCR and DNA sequencing (without culture) from 

an invasive sample or detection of MAC by culture or direct PCR from an invasive sample [107, 

110].  
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3.2.4 Identification of M. chimaera isolates associated with Open Heart Surgery 

A retrospective investigation of invasive M. chimaera cases was initiated by the HPSC by 

matching laboratory records of NTM isolates diagnosed from patients between January 2007 and 

June 2015 with cardiothoracic surgery and ECMO procedures [110]. Prospective case finding of 

invasive M. chimaera infections was carried out by clinicians to determine if the patient met the 

clinical and exposure criteria as defined by the ECDC from July 2015 [107]. Additional isolates 

collected between February 2012 and March 2015 from one OHS centre were also referred to the 

IMRL for confirmation of M. chimaera and for genomic investigation. Species identification for 

M. chimaera was performed on a total of 30 Mycobacterium isolates received in the IMRL [110]. 

M. chimaera was identified by 16S rRNA and ITS sequencing, as previously described in Chapter 

2, section 2.2.7 to section 2.2.10.  

 

3.2.5 Epidemiologically Unrelated Respiratory M. chimaera isolates 

Respiratory M. chimaera isolates unrelated to open heart surgery (n=6) which were previously 

identified by 16S rRNA and ITS sequencing in Chapter 2 were also studied for comparison. 

 

3.2.6 Collection of Water Samples  

Water samples collected for investigation were from HCU devices, ECMO devices, source water 

samples used to fill HCU, potable water from hospitals and domestic kitchen tap water between 

2015 and 2018. All water samples were collected aseptically in triplicates of 300 ml using sterile 

bottles containing sodium thiosulfate (EMCLAB Instruments, Germany) as recommended by the 

Public Health Laboratory Dublin user manual [215]. Sodium thiosulfate was used to dechlorinate 

water previously treated with chlorine. All samples were processed for the investigation of the 

presence of Mycobacterium species as described in section 3.2.7 below.  

 

3.2.6.1 HCU Water Samples  

Water samples from pre and post HCU cleaning were collected once every 4 weeks from HCU 

devices used in 9 cardiothoracic surgery centres in Ireland and submitted to the Public Health 

Laboratory, HSE, Dublin Mid Leinster, in Cherry Orchard hospital since July 2015 as part of the 

national investigation of M. chimaera infections in Ireland. Water samples were collected from 

HCU devices in 2015 to 2016 where Sorin/LivaNova devices and Maquet devices were in use. In 

November 2016, all HCU devices manufactured by Sorin/LivaNova were removed and replaced 

with HCU manufactured by Maquet and water continued to be sampled from these HCU devices 

on a 4 weekly schedule to 2018. A total of 33 HCU devices were tested in Ireland (12 
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Sorin/LivaNova devices and 21 Maquet devices). A summary of heater-cooler unit brands used 

in Irish cardiothoracic surgery centres since July 2016 is presented in Table 13 [110]. 

 

3.2.6.2 HCU Source Water Samples 

Source water used to fill HCU devices was also collected once every three months and sampled 

for the presence of M. chimaera since 2015 to the present as part of the National investigation of 

M. chimaera infections in Ireland. Different sources of water were used to fill the HCU devices 

in each cardiothoracic surgery centre. This included sterile water which was purchased, post 

filtered water and reverse osmosis (RO) water. 

 

3.2.6.3 Other Hospital and Domestic Water Samples  

In addition to the water samples being collected as part of the national investigation, water 

samples from other hospital water sources and domestic sources were collected to screen for M. 

chimaera. These included potable domestic water collected from the kitchen taps of domestic 

houses in the Greater Dublin area, rising main potable water of 4 cardiothoracic surgery centres 

from the scrub tap sink, and potable hospital water from 2 non-cardiothoracic surgery centres. 

Water samples from hospital showers were also collected and investigated when possible.  

 

Table 13: The Numbers of each Brand of Heater-Cooler Units used in Ireland to date* 

Cardiothoracic 

Surgery Centrea 

Until July 2015 From November 2016 

LivaNova/Sorin Maquet LivaNova/Sorin Maquet 

Centre 1 2  0 2 

Centre 2  5  1** 2 

Centre 3 3  0 3 

Centre 4 2  0 2 

Centre 5 0 2 0 2 

Centre 7 0 3 0 3 

Centre 9 0 2 0 2 

Centre 10 0 3 0 2 

Centre 11 0 3 0 3 

Total  12 13 1 21 

*Table was adapted from the HPSC report for M. chimaera infections in Ireland [110] 

**one device retained as backup 

a. Centre 6 is not represented in this table but refers to a UK centre. Centre 8 and 12 onwards is 

not represented in this table but refers to other non-cardiothoracic surgery centres in Ireland 
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3.2.7 Processing of Water Samples 

All water samples were processed in parallel using an accredited membrane filtration method in 

the Public Health Laboratory, HSE Dublin. Water samples were tested using a non-

decontamination method whereby 100 ml aliquot of the sample is filtered through a 0.45 µm filter. 

The membrane filter was then aseptically transferred onto Middlebrook 7H11 agar plates (E & O 

Laboratories Ltd, UK) for the culture of Mycobacterium spp. Similarly, another 100 ml aliquot of 

the same sample was processed using a decontamination method by filtering the sample through 

a 0.45 µm filter and 20 ml of 2% NaOH containing phenol red (E & O Laboratories Ltd, UK) was 

added to the filter for 15 mins, followed by the addition of 20mls of Neutralising Buffer (E & O 

Laboratories Ltd, UK) and a colour change was observed. 2% NaOH and Neutralising Buffer 

were passed through and the membrane filter was aseptically transferred to Middlebrook 7H11 

agar plates. All culture plates were incubated at 30 °C for a period of 7 weeks and were read 

weekly for the presence of microbiological growth. 

All media used in this method was quality controlled internally in the PHL Quality Control 

Laboratory using a positive control organism for each batch of media. The positive control strains 

used were Mycobacterium kansasii wild type and Mycobacterium chelonae NCTC 946. The 

negative control strain used was Candida albicans ATCC 90028. 

 

3.2.8 Identification of Mycobacterium species 

All mycobacterial growth on Middlebrook agar plates was confirmed by performing a Ziehl-

Neelson (ZN) stain on a sweep of positive growth as described section 3.2.8.1 below and all 

positive isolates for acid fast bacilli, after purification, were investigated further for the 

identification of M. chimaera at the IMRL, St. James’s hospital, Dublin. All laboratory work with 

positive cultures was performed within the biological safety cabinets in CL3 facilities of the PHL 

HSE Dublin and the IMRL. Species identification was performed in the IMRL using a molecular 

line probe assay GenoType Mycobacterium CM/AS (Bruker-HAIN Diagnostics, Germany) for 

the identification of clinically significant NTM species as described in the section 3.2.8.2 below. 

This assay does not distinguish between M. intracellulare and M. chimaera, and all isolates 

identified as M. intracellulare/chimaera were investigated further using 16S rRNA and ITS 

sequencing as previously described in Chapter 2, section 2.2.7 to section 2.2.10.  

 

3.2.8.1 Ziehl-Neelsen Staining 

A sweep of positive growth from Middlebrook agar cultures was emulsified in sterile saline on a 

clean glass slide and was left to dry on a hot plate at 95 °C for 20 min. Carbol fuchsin was applied 

and heated to stain the bacilli for 10 min. The stain was removed with water and 25% acid-in-
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alcohol was applied for 2 min and washed off. Malachite green was then used as a counter stain 

for 1 min and washed off. Since mycobacteria are ‘acid-fast’, all ‘acid-fast’ bacilli were 

impermeable to acid and stained pink. Quality control slides for acid fast bacilli (Remel™ QC-

Slide™ AFB Stain Control, ThermoFisher) were tested with each set of slides.  

 

3.2.8.2 GenoType Mycobacterium CM/AS Assay 

Crude DNA was extracted from M. chimaera isolates using the Genolyse extraction method as 

previously described in Chapter 2, section 2.2.5. An internal quality control strain of 

Mycobacterium tuberculosis H37Rv was used for each batch of isolates tested. Following DNA 

extraction, Mycobacterium species were identified using the GenoType Mycobacterium CM VER 

1.0 or VER 2.0 Assay Kits as per manufacturer’s instructions. DNA amplification was performed 

by preparing a mastermix containing 5 µl PCR buffer, 3 µl MGW, 2 µl MgCl2 and 0.2 µl of Taq 

polymerase (added last) per PCR reaction. The PCR mastermix was mixed by vortexing and 10.2 

µl was added to each PCR tube followed by the addition of 35 µl PMN and 5 µl of DNA to each 

PCR tube for VER 1.0 Assay Kits.  

 

For GenoType Mycobacterium VER 2.0 Assay Kits, DNA amplification was performed by 

preparing a mastermix containing 10 µl amplification mix A (AM-A) and 35 µl amplication mix 

B (AM-B) per sample, and 5 µl of DNA was added to each PCR tube. The amplification profile 

for both assay versions consisted of 15 min of denaturation at 95°C, followed by 10 cycles 

consisting of 30 sec at 95°C and 2 min at 65°C, an additional 20 cycles comprising of 25 sec at 

95°C, 40 sec at 50°C and 40 sec at 70°C, followed by a final extension for 8 min at 70°C.  

 

Hybridization of amplified products to the GenoType Mycobacterium CM/AS membrane strips 

was performed on the GT-Blot 48 semi-automated instrument (Bruker-HAIN Diagnostics, 

Germany) as previously described in Chapter 2, section 2.2.12, and results were interpreted using 

the interpretation charts shown in Figure 15 and Figure 16. All samples identified as 

‘Mycobacterium species’ that could not be identified to species level with the GenoType 

Mycobacterium CM assay were tested with the GenoType Mycobacterium AS VER 1.0 Assay to 

identify the isolate to species level. 
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Figure 15: Interpretation Chart for GenoType Mycobacterium CM Assay for identification 

of Nontuberculous Mycobacterium species 

Representation of the interpretation chart for GenoType Mycobacterium CM assays which can 

identify 12 common clinically significant nontuberculous Mycobacterium species including M. 

avium, M. chelonae, M. abscessus complex, M. fortuitum group, M. gordonae, M. intracellulare, 

M. scrofulaceum, M. interjectum, M. szulgai, M. kansasii, M. malmoense and M. marinum/M. 

ulcerans. Banding patterns are represented as 1 to 17 where band 1 represents the conjugate 

control (CC), band 2 represents the internal control (IC), band 3 represents the genus control (GC), 

band 4 to 17 represent species specific bands. This figure was taken from Hain Lifescience [216].  
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Figure 16: Interpretation Chart for GenoType Mycobacterium AS Assay for identification 

of Nontuberculous Mycobacterium species 

Representation of the interpretation chart for GenoType Mycobacterium AS assays which can 

identify 17 other nontuberculous Mycobacterium species including M. simiae, M. mucogenicum, 

M. goodi, M. celatum I and III, M. smegmatis, M. genavense, M. lentiflavum, M. heckeshornense, 

M. szulgai, M. intermedium, M. phlei, M. haemophilum, M. kansasii, M. ulcerans, M. gastri, M. 

asiaticum, M. shimoidei. Banding patterns are represented as 1 to 17 where band 1 represents the 

conjugate control (CC), band 2 represents the internal control (IC), band 3 represents the genus 

control (GC), band 4 to 17 represent species-specific bands. This figure was taken from Hain 

Lifescience [217]. 
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3.2.9 M. chimaera isolates included for Whole Genome Sequencing and Analysis 

All M. chimaera isolates from environmental HCU’s, OHS related and epidemiologically 

unrelated respiratory isolates were confirmed using 16S rRNA and ITS sequencing. A total of 42 

M. chimaera isolates were included for whole genome sequencing (WGS). Environmental M. 

chimaera isolates identified from water samples associated with Sorin/LivaNova HCU’s and 

Maquet HCU’s were selected based on one isolate per HCU in each centre per year (from 2015 

to 2016). All M. chimaera from ECMO HCU devices, from confirmed cases of invasive M. 

chimaera infection or epidemiologically related to OHS were included [110]. Epidemiologically 

unrelated respiratory M. chimaera isolates from one centre in Ireland were sequenced and 

included in the analysis for comparison. M. chimaera isolates from environmental LivaNova 

HCU’s and clinical isolates provided from one UK centre had WGS performed and M. chimaera 

DSM44623 strain first identified by Tortoli et al was also included as a control for WGS [70]. 

 

3.2.10 Whole Genome Sequencing of M. chimaera isolates using Illumina® Next 

Generation Sequencing Technology 

3.2.10.1 Genomic DNA extraction  

Whole genome DNA extraction was performed on M. chimaera isolates identified by 16S rRNA 

and ITS sequencing. M. chimaera isolates were cultured in MGIT liquid Middlebrook media or 

solid Middlebrook 7H11 agar for approximately 3 to 4 weeks or until growth was positive. 

Genomic DNA was extracted using an adapted method of Fuji Quickgene (Kurabo Bio-medical, 

Osaka, Japan) that was originally developed by Walker et al [218]. Heat inactivated positive and 

negative controls were also included in each batch of isolates. Methods for heat inactivation of 

positive and negative controls were as described in Chapter 2, section 2.2.6.  

 

Three ml of positive culture was centrifuged for 15 min at 13,000 rpm (1ml centrifuged, 

supernatant removed and reconstituted 3 times) followed by the addition of 400 µl of 0.9% sterile 

saline and vortexed thoroughly. M. chimaera cultured on Middlebrook 7H11 agar were each 

harvested by removing all growth from the plate using a sterile loop and resuspending into 1ml 

of sterile water, followed by centrifugation for 15 min at 13,000 rpm. All isolates were heat-

inactivated at 95 °C for 2 hours, followed by submerging the tubes in an ultrasonic water bath for 

15 mins to disrupt the mycobacterial cell wall further. The isolates were then frozen overnight at 

-20 °C.  

 

Bacterial cell lysis was performed by adding 20 μl EDT (Proteinase K) and 300 μl LDT lysis 

buffer from the QuickGene Tissue DNA Extraction kit (Kurabo Bio-medical, Osaka, Japan) to 
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each defrosted isolate, resuspended, and transferred to Lysing Matrix B tubes (MP Bio, Santa 

Ana, California, USA). The cells were then mechanically disrupted twice (40s at 6000 m/s) using 

a MagNA Lyser (Roche, Basel, Switzerland) and centrifuged at 13,000 rpm for 10 min. The 

supernatant containing whole genome DNA was transferred to a fresh labelled tube, and incubated 

in a water bath at 70 ºC for 10 min.  

 

Following this, 240 µl ethanol (96-99% v/v) was added, followed by resuspension of the pellet. 

The QuickGene Mini-80 Quickgene (Kurabo Bio-medical, Osaka, Japan) compact benchtop 

extraction instrument was set up (up to 8 isolates processed per run). The extracts were washed 

with 750 µl wash buffer (WDT) three times in total. Purified DNA was then eluted with 100 µl 

of elution buffer (CDT) into freshly labelled 0.5 ml tubes. At least 5 μl of 0.2 ng/μl of genomic 

DNA was required for Nextera XT DNA library preparation kit (Illumina, California, United 

States) for sequencing.  

 

3.2.10.2 Quantification of DNA 

The Quant-iT Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific, United States) was used 

to quantify double stranded DNA (dsDNA) present in DNA extracts prior to DNA library 

preparation (range 10 pg/µl to 100 ng/µl). The Qubit dsDNA HS Assay Kit reagents were left to 

reach room temperature and a Qubit® working solution was prepared by diluting the Qubit® 

dsDNA HS Reagent 1:200 in Qubit® dsDNA HS Buffer. For each sample, 2 µl of DNA was 

added to 198 µl of Qubit working solution. The Qubit® dsDNA HS Standards 1 and 2 were 

prepared by adding 10µl of standard to 190 µl of Qubit working solution. All samples were 

prepared using thin wall Qubit® assay tubes, vortexed briefly, followed by incubation at room 

temperature for 2 min. DNA quantification and calculation for each sample was then measured 

using the Qubit® Fluorometer (Invitrogen, California, USA). 

 

3.2.10.3 DNA library preparation 

3.2.10.3.1 Tagmentation of Genomic DNA 

DNA libraries were prepared for each sample using the Nextera XT DNA Library Preparation Kit 

(Illumina, California, United States) using an adapted protocol. Genomic DNA (gDNA) 

concentration of 0.2 ng/µl per sample was used for input for tagmentation, a process where DNA 

is fragmented and then tagged with adapter sequences in a single step with Nextera transposomes. 

Tagmentation was performed with 5 µl of gDNA and the addition of 10 µl Tagment DNA Buffer 

and 5 µl of Amplicon Tagment Mix per sample. All samples were centrifuged at 280 x g at 20 °C 
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for 1 min and were placed in a thermal cycler set at 55 °C for 5 min with a preheated lid. The 

reaction was quickly neutralised by the addition of 5 µl Neutralisation Buffer when the samples 

were cooled to 10 °C. The samples were then incubated at room temperature for 5 min. 

 

 

3.2.10.3.2 Amplification of Libraries 

Each sample was assigned a unique combination of two Indexes which was generated using the 

Illumina Experiment Manager program or with the preparation function on Illumina Basespace 

web tool. Tagmented DNA was then amplified by adding 5 µl of Index 1 (i7), 5 µl Index 2 (i5) 

and 15 µl Nextera PCR Master Mix per sample. The DNA samples were centrifuged at 280 x g 

at 20 °C for 1 min and then were amplified using the thermal cycling conditions which consisted 

of 72 °C for 3 min, 95 °C for 30 sec, followed by 12 cycles of 95°C for 10 sec, 55 °C for 30 sec, 

72 °C for 30 sec and a final stage of 72 °C for 5 min. An overview of the DNA tagmentation and 

amplification process is shown in  

Figure 17. 

 

3.2.10.3.3 Clean Up of Libraries  

Following DNA library amplification, clean up of libraries was performed using Agencourt 

AMPure XP beads (Beckman Coulter Inc, California, United States) in order to purify the DNA 

libraries and remove short library fragments. For each sample a 3:2 ratio of PCR product was 

added to AMPure XP beads using a new midi plate (deep well plate), e.g 50 µl of PCR product 

was added to 30 µl of beads. The samples were mixed by shaking the plate at 1800 rpm for 2 min, 

followed by incubation at room temperature for 5 min. The plate was placed on a magnetic stand 

for approximately 2 min until the liquid was clear. The supernatant was removed and discarded 

from each sample. The samples were washed twice with 200 µl of freshly prepared 80% ethanol 

by incubating on the magnetic stand for 30 sec and ethanol was removed and discarded each time. 

All residual ethanol was removed, and the samples were left to air dry on the magnetic stand for 

approx. 15 mins or unless cracks in the sample was observed. The samples were then removed 

from the magnetic stand and 52.5 µl Resuspension Buffer (RSB) was added per sample. The 

samples were incubated at room temperature for 2 min and placed on the magnetic stand until the 

liquid was clear. Finally, approximately 50 µl of supernatant containing purified libraries was 

then transferred onto a fresh Hard-Shell PCR plate. 

 

 

 



81 

 

 

 

 

Figure 17: Overview of DNA library preparation: Tagmentation and Amplification by 

Illumina  

DNA library preparation is performed using the Illumina Nextera XT Sample Preparation kit. 

Genomic DNA undergoes tagmentation, a process where DNA is fragmented and then tagged 

with adapter sequences in a single step with Nextera transposase enzymes. The resulting DNA 

sequence is approximately 300 bp in length and the DNA sequence is amplified using a PCR to 

add sample specific indexes (Index 1 and Index 2). The resulting product is ready for cluster 

generation and sequencing on Illumina sequencing systems. This figure was taken from Illumina 

and BIOfidal [219]. 
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3.2.10.4 Quality Control of DNA libraries  

The quality control of DNA libraries was performed on the 2100 Bioanalyzer instrument (Agilent 

Genomics, United States) using the DNA 1000 Kit (Agilent Genomics, United States) in order to 

check library size distributions. Typical libraries show a broad size distribution of ~250 – 1000 

bp and an example of traces of successfully sequenced libraries is shown in Figure 18. DNA 

libraries below the distribution range was rejected for sequencing and the DNA library preparation 

was repeated for that sample. The DNA 1000 chip was prepared according to the manufacturer’s 

instructions by allowing the Gel-Dye Mix to equilibrate to room temperature. Then 9 µl was 

pipetted into the designated well, and the chip was primed using a plunger positioned at 1 ml. The 

markers were loaded into the sample wells and the ladder was loaded into the ladder well. The 

assessment of DNA quality was performed with 1 µl of undiluted library and the average DNA 

fragment size was obtained. The quantification of DNA libraries was also performed as previously 

described in the sections above.  

  

3.2.10.5 Normalization and Pooling of DNA libraries  

The average DNA fragment size obtained from the Bioanalyzer, and the concentration of DNA 

libraries obtained from the Qubit, were used to calculate the final concentration for each library 

(nM). The DNA libraries were then diluted with RSB (Illumina, California, United States) to 

normalise the libraries to 10 nM or the desired concentration in order to ensure equal library 

representation in the pooled library. DNA libraries were then pooled by adding 10 µl of each 

sample to a fresh labelled tube. 

 

3.2.10.6 Denaturing and Diluting Pooled Libraries 

A normalised library pool at 10 nM was diluted to a 1 nM library by adding 90 µl of RSB and 10 

µl of 10 nM library. The library was then denatured by combining 5 µl of the 1nM library and 5 

µl of freshly prepared 0.1 N NaOH in a freshly labelled tube. The tube was vortexed and 

centrifuged at 280 x g for 1 min and incubated at room temperature for 5 min. Following this, 5 

µl of 200 nM Tris-HCL was added to prevent DNA binding to the plastic wall of the tube. For 

libraries sequenced on the Miniseq, libraries were then diluted to the loading concentration and a 

total volume of 1 ml at 5 pM was obtained by combining 985 µl of prechilled Hybridization Buffer 

to the tube of the denatured library. The final loading concentration loaded onto the Miniseq 

cartridge (High Output 300 cycle Kit) was at 1.6 – 1.8 pM and this was obtained by subsequent 

dilution again with prechilled Hybridisation Buffer. On the other hand, libraries sequenced on the 

MiSeq were loaded onto the Miseq Cartridge (300 Cycle or 500 Cycle Kit) at 16 pM or 20 pM. 

All libraries were sequenced with a paired end approach.  



83 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Successful M. chimaera DNA Library Size Distributions Sequenced on MiniSeq 

M. chimaera DNA library (Sample 95) shows a broad distribution of DNA fragments between 

~300 to 1000 bp and had an average fragment size of 590 bp when assessed using the DNA 1000 

kit on the 2100 Bioanalyzer instrument (Agilent Technologies). The lower marker (labelled as 43 

in green) and upper marker (labelled as 113 in purpler) was also detected 
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3.2.11 Whole Genome Sequence Analysis of FASTQ files and Bioinformatics  

3.2.11.1 Assessment of a Sequencing Run  

The assessment of each sequencing run was completed through Illumina Basespace, a cloud 

computing platform. Illumina Miseq and Miniseq data was de-multiplexed and uploaded in the 

form of paired end FASTQ files (forward read 1 and reverse read 2) automatically to Illumina 

Basespace platform for storage and analysis. Successful Miseq runs yielded a raw cluster density 

of 800-1200 K/mm2 with >70% of clusters passing filter and > 75% of data quality scores above 

Q30. Similarly, successful Miniseq runs yielded a raw cluster density of 129-165 K/mm2 with 

>70% of clusters passing filter and >75% of data quality scores above Q30.  

 

3.2.11.2 Quality Control and Processing of FASTQ files  

Raw FASTQ files of sequencing reads were downloaded from Illumina Basespace cloud platform 

and the quality of raw fastq files was assessed at per base sequence quality and using the program 

FastQC [220]. A good sequence quality is displayed in Figure 19. Fastq files with poor sequence 

quality were trimmed and filtered using a paired-end approach with Trimmomatic using the Linux 

command line [221]. The command options included: 

 

– ILLUMINACLIP: Cut adapter and other Illumina-specific sequences from the read 

– SLIDINGWINDOW: Perform a sliding window trimming, cutting once the average quality 

within the window falls below a threshold 

– MINLEN: Drop the read if it is below a specified length 

– LEADING: Cut bases off the start of a read, if below a threshold quality 

– TRAILING: Cut bases off the end of a read, if below a threshold quality 

– CROP: Cut the read to a specified length 

– HEADCROP: Cut the specified number of bases from the start of the read 

 

DNA contamination was checked using the bioinformatic tool Kraken with the linux command 

line to classify all reads in a sample to species level to ensure the sample was not contaminated 

with other species [222].  
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Figure 19: Per base sequence quality for a FASTQ file (IMRL33) assessed with FastQC 

This figure represents the per base sequence quality of IMRL33 where the quality score across all 

bases was above Q30 except towards the end of the read (position170-179) where the quality 

score begins to fall below Q30. Sequence reads with low quality base positions can be trimmed 

in positions where the quality score is below the threshold. 
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3.2.11.3 Analysis of M. chimaera sequence reads: Mapping and Coverage 

Following quality control of M. chimaera FASTQ files, the forward and reverse reads of each 

isolate were mapped to M. chimaera AH16, DSM44623, ZEURICH-1 or ZEURICH-2 complete 

published genomes using the software program Burrows Wheeler Alignment (BWA) version 

0.7.12, which aligns low-divergent sequences against reference genomes [101,223,224]. An 

index file was created for the reference genome in the FASTA format, followed by processing of 

BWA-MEM alignment algorithm. A SAM file was produced for use with SAMtools and the 

mapping quality of M. chimaera genomes was assessed using Qualimap and an average coverage 

of at least 30X was obtained in all samples [225]. A good reference genome mapping quality is 

displayed in Figure 20. To make the workflow more efficient, customised scripts entitled 

‘Map.sh’ and ‘WrapperforMap.sh.py’ were used for the analysis (Appendix II). 

 

3.2.11.4 Variant Calling and Core SNP Phylogeny analysis  

Variant detection and SNP calling in mapped reads was performed using the bioinformatic tool 

Snippy version 3.2, a rapid haploid variant calling tool developed by Dr. Torsten Seeman 

(Bioinformatician in Melbourne, Australia) (https://github.com/tseemann/snippy). Snippy uses 

perl scripts which performs mapping using BWA, samtools and bcftools. Variant calling is 

performed using Freebayes where 10X is used as the minimum number of reads covering the 

variant position and 0.9 is the minimum proportion of those reads which must differ from the 

reference. A core SNP alignment was produced by filtering out multiple nucleotide 

polymorphisms (mnp), insertions, deletions and complex variants consisting of a combination of 

snp/mnp. A maximum likelihood tree was constructed using PhyML in the Seaview version 4.7 

[226]. Newick format of trees were annotated using an online tool iTOL, also known as the 

Interactive Tree of Life (https://itol.embl.de) [227].  

 

 

 

https://github.com/tseemann/snippy
https://itol.embl.de/
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Figure 20: Coverage Histogram of IMRL129 reads mapped against a reference genome 

Qualimap was used to assess the average mapping coverage. A coverage histogram of IMRL129 

is represented where the average coverage in the majority of genomic positions is approximately 

39X. 
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3.2.12 Published M. chimaera subgroup strains and SNP based classification 

Raw sequence reads of representative M. chimaera subgroup strains (1.ungrouped, 1.1, 1.2, 1.3, 

1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 1.10, 1.11, 2.ungrouped and 2.1) from a previously published global 

epidemiological study by van Ingen et al [101] were downloaded from the European 

Bioinformatics Institute (EMBL-EBI) website. A list of accession numbers for the EMBL ENA 

sequence read archive is provided in Table 14. 

 

Representative subgroup strains were included in the analysis to compare SNP distance of whole 

genome sequenced M. chimaera isolates. M. chimaera isolates were grouped based on a distance 

of approximately 1000 SNPs to the nearest group member or 10 to 20 SNPs for subgroup 

attribution as previously described [101]. 
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Table 14: List of Accession Numbers for M. chimaera subgroup strains by van Ingen et al 

[101] 

Country Source Group Subgroup Accession Number for 

EMBL ENA Archive 

Switzerland LivaNova HCU 1 1.1 ERR1464064 

UK Unrelated Patient 

(lung tissue) 

1 1.2 SRR4119627 

Switzerland ICU Water dispenser 1 1.3 ERR1463931 

UK Unrelated Patient 

(tissue) 

1 1.4 SRR4119613 

Germany Unrelated Patient 

(respiratory sample) 

1 1.5 ERR1464032 

Germany Maquet HCU 1 1.6 ERR1464123 

Switzerland LivaNova HCU 1 1.7 ERR1463934 

Germany Unrelated Patient 

(respiratory sample) 

1 1.8 ERR1464072 

Germany Unrelated Patient 

(respiratory sample) 

1 1.9 ERR1463917 

Germany LivaNova HCU 1 1.10 ERR1463972 

Germany Maquet HCU 1 1.11 ERR1464110 

Germany Unrelated Patient 

(respiratory sample) 

1 1.ungrouped ERR1463904 

Switzerland LivaNova HCU 2 2.1 ERR1464061 

Germany Unrelated Patient 

(respiratory sample) 

2 2.ungrouped ERR1463905 
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3.3 Results  

3.3.1 Identification of M. chimaera isolates associated with OHS and Case 

Findings 

A retrospective study covering between January 2007 and June 2015 was initiated by the HPSC 

and 17 NTM isolates associated with open heart surgery were investigated for their species 

identification [110]. Sequencing of both the 16S rRNA and ITS region identified Mycobacterium 

avium (n=4), Mycobacterium abscessus/chelonae (n=3), Mycobacterium gordonae (n=3), 

Mycobacterium alsiense (n=1), Mycobacterium intracellulare (n=2), Mycobacterium chimaera 

(n=3), Mycobacterium kansasii (n=1) and Mycobacterium neoaurum (n=1). A total of 13/17 NTM 

isolates identified by 16S rRNA and ITS sequencing were in concordance with their original 

identification. Three of the isolates which had been originally identified as M. intracellulare were 

re-identified as M. chimaera by gene sequencing. Similarly, M. alsiense was identified which had 

been originally identified as M. interjectum. M. chimaera isolates (n=8) related to OHS were 

identified prospectively by 16S rRNA and ITS sequencing in the IMRL between August 2015 

and September 2016, and additional isolates (n=5) related to OHS received from one centre were 

also confirmed as M. chimaera. A summary of the identification of isolates is shown in Table 15. 

 

In summary, 16 M. chimaera isolates associated with OHS were identified by gene sequencing. 

According to the HPSC Report, invasive infections caused by M. chimaera were identified 

retrospectively and prospectively in four adults [110]. All four confirmed cases were previously 

exposed to the LivaNova/Sorin 3T HCU’s during open-heart surgery between 16 to 28 months 

prior to diagnosis at a single centre [110]. Further M. chimaera isolates epidemiologically 

associated with OHS were received but there was no further information available on these. 
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Table 15: Summary of 16S rRNA and ITS Sequencing Results of NTM and M. chimaera 

isolates from the HPSC retrospective study and identified prospectively* 

No. 

(n=30) 

Year 

Collected 

GenoType 

Mycobacterium 

CM Result 

16S rRNA  

 Result 

Identity 

% 

ITS Sequencing 

Result 

Identity 

% 

1 2013 M. interjectum M. alsiense 100% M. alsiense 100% 

2 2011 M. gordonae M. gordonae 99% M. gordonae  99% 

3 2008 M. avium M. avium 99% M. avium 100% 

4 2011 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

5 2011 M. avium M. avium 100% M. avium 100% 

6 2011 M. intracellulare M. intracellulare 100% M. intracellulare  100% 

7 2011 M. avium M. avium 100% M. avium 100% 

8 2014 M. intracellulare M. chimaera 100% M. chimaera  100% 

9 2014 M. intracellulare M. chimaera 99% M. chimaera  100% 

10 2012 M. intracellulare M. chimaera 100% M. chimaera  100% 

11 2012 M. chelonae 

M. abscessus/ 

chelonae 100% M. chelonae 100% 

12 2012 M. chelonae 

M. abscessus/ 

chelonae 100% M. chelonae 100% 

13 2013 M. gordonae 

M.paragordonae/ 

gordonae 99% M. gordonae 100% 

14 2014 M. kansasii M.kansasii/gastri 100% M. kansasii 99% 

15 2012 M. neoaurum M. neoaurum 100% M. neoaurum 100% 

16 2009 M. avium M. avium 100% M. avium 100% 

17 2012 M. gordonae M. gordonae 99% M. gordonae  100% 

18 2015 M. intracellulare M. chimaera 100% M. chimaera 100% 

19 2015 M. intracellulare M. chimaera 100% M. chimaera 100% 

20 2015 M. intracellulare M. chimaera 100% M. chimaera 100% 

21 2016 M. intracellulare M. chimaera 100% M. chimaera 100% 

22 2016 M. intracellulare M. chimaera 100% M. chimaera 100% 

23 2016 M. intracellulare M. chimaera 100% M. chimaera 100% 

24 2016 M. intracellulare M. chimaera 100% M. chimaera 100% 

25 2016 M. intracellulare M. chimaera 100% M. chimaera 100% 

26 2012 M. intracellulare M. chimaera 100% M. chimaera 100% 

27 2013 M. intracellulare M. chimaera 100% M. chimaera 100% 

28 2014 M. intracellulare M. chimaera 100% M. chimaera 100% 

29 2014 M. intracellulare M. chimaera 100% M. chimaera 100% 

30 2015 M. intracellulare M. chimaera 100% M. chimaera 100% 

*Isolates no. 1 to 17 were from the HPSC retrospective study between January 2007 and June 

2015, isolates no. 18 to 25 were identified prospectively and isolates no. 26 to 30 were received 

from one other centre. 
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3.3.2 Investigation of Environmental Water Samples 

3.3.2.1 Mycobacterium species identified from Sorin/LivaNova HCUs, Maquet HCU’s and 

ECMO HCUs in Ireland  

Scheduled sampling of LivaNova/Sorin devices and Maquet heater-cooler units from 9 cardiac 

surgery centres revealed 34% (161/470) were positive for mycobacterial contamination between 

2015 and 2018, as shown in Figure 21. Water samples from Sorin/LivaNova devices had 58% 

(95/164) of samples with mycobacterial contamination. Of the water samples tested, 49% 

(80/164) were positive for M. chimaera. The progressive decline of M. chimaera positivity from 

LivaNova/Sorin devices reflects the introduction of new decontamination protocols in the fourth 

quarter of 2015 and the decommissioning of the LivaNova/Sorin devices which were replaced by 

Maquet devices after 2016. By contrast, Maquet devices had 22% (66/306) of mycobacterial 

contamination between 2015 to 2018. Only 1% (3/306) of HCU water samples from Maquet 

devices were positive for M. chimaera during three sampling occasions in Q3 of 2016, Q4 of 2017 

and Q2 of 2018.  

 

Water samples of HCU’s from four centres (Centres 1 to 4) were positive for M. chimaera and 

were detected from Sorin/LivaNova HCU devices between 2015 and 2016. Centre 7 also had M. 

chimaera detected from a Maquet HCU device on one sampling occasion in 2016. Cardiac centres 

which had HCU devices positive for M. chimaera were also contaminated with other NTM 

species including M. chelonae, M. scrofulaceum, M. gordonae, M. kansasii, M. fortuitum and M. 

peregrinum. Maquet HCU devices from 4 centres (Centre 5, 9, 10 , and 11) were negative for M. 

chimaera but were contaminated with other NTM species including M. gordonae, M. lentiflavum 

and M. abscessus between 2015 and 2016. On the other hand, M. chimaera was identified from 

an ECMO HCU device from Centre 3 on two sampling occasions in 2016. Likewise, M. chelonae 

was also identified from ECMO HCU in Centre 3. A summary of NTM species identified from 

HCUs in 2015 to 2016 is provided in Table 16. 

 

Following the removal of LivaNova/Sorin 3T HCU devices during the fourth quarter of 2016, the 

devices were replaced by Maquet HCU devices. Continuous water sampling of Maquet devices 

was performed monthly from 2017 to the present as part of the national investigation. NTM 

species identified from HCU’s used in 2017 to 2018 is outlined in Table 17. M. chimaera was 

identified from a Maquet device again only on two sampling occasions between 2017 and 2018 

from Centre 2 and Centre 10. Other NTM species including M. chelonae, M lentiflavum, M. 

gordonae and M. kansasii were more frequently identified than M. chimaera in Maquet devices 
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from 2017. M. chimaera was identified from a Sorin/LivaNova device retained as backup in 2017. 

Likewise, M. chimaera was also identified from an ECMO HCU device from Centre 3 in 2018.  
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A. 

 

B. 

 

Figure 21: Mycobacterium species identified in heater-cooler units in Ireland, 2015 to 2018. 

Bar-graphs indicate results from environmental testing of heater cooler units as part of the national 

incident investigation between 2015 and 2018. Scheduled sampling of LivaNova/Sorin devices 

and Maquet heater-cooler units from 9 cardiac surgery centres revealed 34% (161/470) were 

positive for mycobacterial contamination in total. A) Represents Sorin/LivaNova devices which 

had 58% (95/164) of mycobacterial contamination between 2015 to 2018. Of the HCU water 

samples tested, 49% (80/164) were positive for M. chimaera. The progressive decline of M. 
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chimaera positivity from LivaNova/Sorin devices reflects the introduction of new 

decontamination protocols in the fourth quarter of 2015 and the decommissioning of the 

LivaNova/Sorin devices which were replaced by Maquet devices after 2016. B) Represents 

Maquet devices which had 22% (66/306) of mycobacterial contamination between 2015 to 2018. 

Only 1% (3/306) of HCU water samples from Maquet devices were positive for M. chimaera 

during three sampling occasions in Q3 of 2016, Q4 of 2017 and Q2 of 2018.  
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Table 16: Mycobacterium species identified from HCU’s used in 9 Cardiothoracic Centres 

between 2015 and 2016 in Ireland* 

Centre 

No.a  

HCU Type (no. of 

devices) 

NTM Species identified in HCU's (no.) 

1  Sorin/LivaNova (n=2) M. chimaera (n=13), M. scrofulaceum (n=1), M. 

chelonae (n=1) 

2 Sorin/LivaNova (n=5) M. chimaera (n=14) 

3 Sorin/LivaNova (n=3) M. chimaera (n=47), M. chelonae (n=5), M. 

gordonae (n=1),  

4  Sorin/LivaNova (n=2) M. chimaera (n=5), M. chelonae (n=3), M. 

fortuitum (n=4), M. peregrinum (n=1) 

5 Maquet (n=2) No mycobacteria isolated 

7  Maquet (n=3) M. chimaera (n=1), M. gordonae (n=2), M. 

kansasii (n=2), 

9 Maquet (n=2) M. gordonae (n=1), M. abscessus (n=1) M. 

lentiflavum (n=1) 

10 Maquet (n=3) M. gordonae (n=1), M. lentiflavum (n=3) 

11 Maquet (n=3) M. gordonae (n=1) 

3 ECMO M. chimaera (n=2), M. chelonae (n=2) 

a. Centre 6 is not represented in this table but refers to a UK centre. Centre 8 and 12 onwards is 

not represented in this table but refers to other non-cardiothoracic surgery centres in Ireland 
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Table 17: Mycobacterium species identified from HCU’s used in 9 Cardiothoracic Surgery 

Centres between 2017 and 2018 in Ireland 

Centre 

No.a 

HCU Type  

(no. of devices) 

NTM Species identified in HCU's (no.) 

Centre 1  Maquet (n=2) No Mycobacteria isolated 

Centre 2 Maquet (n=2) M. chimaera (n=1), M. chelonae (n=1) 

Centre 3 Maquet (n=3) M. gordonae (n=1) 

Centre 4  Maquet (n=2) M. gordonae (n=1), M. kansasii (n=1) 

Centre 5 Maquet (n=2) No Mycobacteria isolated 

Centre 7  Maquet (n=3) M. gordonae (n=1) 

Centre 9 Maquet (n=2) M. gordonae (n=5), M. chelonae (n=1) M. lentiflavum 

(n=27) 

Centre 10 Maquet (n=2) M. chimaera (n=1), M. gordonae (n=2), M. lentiflavum 

(n=3) 

Centre 11 Maquet (n=3) M. gordonae (n=2), M. chelonae (n=3), M. lentiflavum 

(n=3) 

Centre 3 ECMO M. chimaera (n=1), M. chelonae (n=1) 

Centre 2 Sorin (n=1) 

(backup device) 

M. chimaera (n=1) 

a. Centre 6 is not represented in this table but refers to a UK centre. Centre 8 and 12 onwards is 

not represented in this table but refers to other non-cardiothoracic surgery centres in Ireland 
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3.3.2.2 Mycobacterium species identified from HCU Source Water used in Irish Cardiac 

Surgery Centres  

A total of 46 source water samples used to fill HCU devices were collected between 2015 and 

2018 from 9 cardiothoracic surgery centres in Ireland and were investigated as part of the national 

investigation in Ireland. 1/46 source waters was positive for M. lentiflavum from Centre 5 on one 

sampling occasion and 45 source water samples were negative for Mycobacterium species.  

 

3.3.2.3 Mycobacterium species identified in Other Hospital Water  

A total of 41 hospital water samples were taken from other hospital water sources including 

showers (n=6), scrub tap of operating theatres (n=18), mains tap water (n=9), drinking tap water 

(n=4) and hand wash sinks (n=4) of 6 Dublin hospitals (4 cardiac surgery centres and 2 non-

cardiac surgery centres). M. chimaera was not detected in any of the water samples, but by 

contrast, 30/41 (73%) samples were positive for other NTM species: M. chelonae, M. gordonae, 

M. llatzerense, M. simiae and M. lentiflavum. Mycobacterium species that could not be identified 

to species level with 16S rRNA and ITS sequencing were also identified. A summary of NTM 

species identified from hospital waters is shown in Table 18. 

 

3.3.2.4 Mycobacterium species identified in Domestic Water 

A total of 21 household water samples from kitchen taps (rising main) were also collected from 

the Greater Dublin area and were negative for M. chimaera but other NTM species were identified 

in 8/21 (38%) samples. Mycobacterium species could not be detected in 6/21 (29%) of AFB 

positive samples and 7/21 (33%) were negative. NTM species identified by GenoType 

Mycobacterium CM/AS and/or gene sequencing included M. frederiksbergense, M. lentiflavum, 

M. montifiorense, M. salmoniphilum, M. chelonae and M. gordonae. A summary of NTM species 

identified is shown in Table 19. 
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Table 18: Mycobacterium species identified in Water collected in Dublin hospitals 

No. Centre* Location  Source Result 

1 1 Cardiac Centre Pre Filtered Tap Water  M. gordonae 

2 1 Cardiac Centre Pre Filtered Tap Water  M. gordonae 

3 1 Cardiac Centre Pre Filtered Tap Water  M. llatzerense, M. gordonae 

4 1 Cardiac Theatre  Scrub tap water M. gordonae 

5 1 Cardiac Theatre  Scrub tap water M. llatzerense, M. gordonae 

6 1 Cardiac Theatre  Scrub tap water M. gordonae 

7 2 Cardiac Centre Scrub tap water (room 6, endoscopy area) M. simiae/lentiflavum 

8 2 Cardiac Centre Scrub tap water (room 6, endoscopy area) M. simiae/lentiflavum 

9 2 Cardiac Centre Scrub tap water (room 6, endoscopy area) M. simiae/lentiflavum 

10 2 Cardiac Centre Scrub tap water (room 1, cardiac theatre) M. lentiflavum 

11 2 Cardiac Centre Scrub tap water (room 1, cardiac theatre) M. lentiflavum 

12 2 Cardiac Centre Female shower water  M. chelonae 

13 2 Cardiac Centre Female shower water (without shower head) M. chelonae 

14 5 Operating Theatre  Scrub tap water M. chelonae 

15 5 Theatre  Scrub tap water M. chelonae 

16 5 Theatre  Scrub tap water M. chelonae, Mycobacterium spp. 

17 5 Theatre  Scrub tap water Mycobacterium spp. 

18 5 Theatre  Scrub tap water M. simiae/lentiflavum 

19 5 Theatre  Scrub tap water Mycobacterium spp. 
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No. Centre* Location  Source Result 

20 7 Cardiac Centre Operating centre tap water from scrub room  M. gordonae 

21 7 Cardiac Centre Sink  M. gordonae 

22 7 Cardiac Centre Drinking water fountain (waiting area) M. chelonae 

23 12 Operating Theatre Drinking Tap Water M. chelonae, M. chelonae 

24 12 Operating Theatre Female Staff changing room sink tap Mycobacterium spp.  

25 12 Operating Theatre Operating room, scrub tap M. gordonae 

26 12 Operating Theatre Hand wash sink in post patient anaesthetic unit Mycobacterium spp.  

27 14 Cardiology Day ward Drinking tap water M. chelonae, M. gordonae  

28 14 Cath Lab Drinking tap water M. gordonae 

29 14 Cardiology Unit Mains tap water in clinical examination room  M. chelonae, M. chelonae 

30 14 Operating Theatre Theatre scrub tap water M. gordonae 

*Water samples were tested from cardiac centres: 1, 2, 5 and 7 and non-cardiac centres = 12 and 14. Water samples were not tested from cardiac centres: 

3, 4, 6, 9, 10, 11 and non-cardiac centres: 8, 13 
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Table 19: Mycobacterium species identified from Domestic Water 

 

 

 

 

No. Location Source Result 

1 Balbriggan Kitchen cold tap water Negative 

2 Clonsilla Kitchen cold tap water M. frederiksbergense 

3 Dalkey Kitchen cold tap water Unable to identify 

4 Deansgrange Kitchen cold tap water Mycobacterium spp.  

5 Drimnagh Kitchen cold tap water M. lentiflavum, M. triplex 

6 Foxrock kitchen cold tap water Unable to identify 

7 Foxrock Kitchen cold tap water Unable to identify 

8 Island bridge Kitchen cold tap water Unable to identify 

9 Kildare 

Celbridge 1  

Kitchen cold tap water Unable to identify 

10 Kildare 

Celbridge 2  

Kitchen cold tap water Negative 

11 Lucan 1 Kitchen cold tap water M. montifiorense, M. 

simiae/lentiflavum 

12 Lucan 2  Kitchen cold tap water M. salmoniphilum 

13 Lusk Kitchen cold tap water Negative 

14 Portmarnock Kitchen cold tap water Negative 

15 Rathcoole Kitchen cold tap water Negative 

16 Rathfarhnam Kitchen cold tap water Unable to identify 

17 Templeogue Kitchen cold tap water Negative 

18 Templeogue Kitchen cold tap water Negative 

19 Castleknock 1 kitchen cold tap water M. chelonae  

20 Castleknock 2 kitchen cold tap water M. gordonae, M. simiae/lentiflavum 

21 Castleknock 3 kitchen hot tap water M. gordonae 
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3.3.3 Whole Genome Sequence Analysis of M. chimaera isolates 

3.3.3.1 The Genetic Diversity of Respiratory M. chimaera isolates  

Epidemiologically non-related M. chimaera isolates of respiratory origin (n=6) from Centre 5 

were investigated to gain insight into the diversity of M. chimaera genomes and were used to 

compare with M. chimaera isolates relating to OHS M. chimaera isolates. These were identified 

by 16S rRNA and ITS sequencing and shared 100% identity to M. chimaera strain DSM44623. 

Whole genome sequence analysis of these isolates revealed the presence of 5 distinct strains and 

highlighted clonality amongst strains IMRL6, IMRL6b and IMRL6c that had been isolated from 

the same patient over three months as shown in Figure 22. IMRL 2, IMRL 6, IMRL 6b, IMRL 6c 

and IMRL 46 had approx. 140 SNP differences when compared with M. chimaera DSM44623 

strain identified by Tortoli et al [70]. This work also resulted in the publication of the first draft 

genome sequences of respiratory M. chimaera isolates (MCIMRL2, MCIMRL4, MCIMRL6) 

[206].  
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Figure 22: Maximum Likelihood Tree of 7 Respiratory M. chimaera isolates 

WGS of respiratory M. chimaera isolates (n=6) from 5 patients and M. chimaera DSM 44623 

(Tortoli strain) show the presence of distinct strains and highlighted clonality amongst IMRL6, 

IMRL6b, IMRL6c that were isolated from a single patient over a period of time. A maximum 

likelihood tree was built from 1437 core SNP’s from 4821 variant sites and the scale bar represents 

approximately 140 SNP’s. IMRL6, IMRL6b, IMRL 6c had a median of 5 SNP differences.  
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3.3.3.2 Analysis of M. chimaera isolates and Identification of Group 1 members  

WGS analysis was performed on 42 M. chimaera isolates from the study collection which 

consisted of isolates from 6 centres in Ireland: 16 isolates from Sorin/LivaNova HCUs used in 

2015 to 2016, 16 OHS related isolates, 5 unrelated respiratory isolates, 1 isolate from a Maquet 

HCU and 3 isolates from ECMO devices. M. chimaera DSM44623 strain was also included as a 

control. Sequence reads were mapped to M. chimaera DSM44623 complete genome for 

phylogenetic analysis. A maximum likelihood tree was built from 58,369 core SNP sites of 42 

isolates and 14 M. chimaera subgroup reference datasets that were identified from 91190 variants 

as represented in Figure 23. All M. chimaera isolates except for one OHS related isolate 

(IMRL44) were classified as one major group (Group 1). M. chimaera isolates were grouped into 

Group 1 based on having approx. <1000 SNP differences to group members. IMRL44 had 

>30,000 SNP differences in comparison to isolates in Group 1. By contrast, none the isolates were 

classified as group 2. 
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Figure 23: Maximum Likelihood Tree of M. chimaera isolates in Ireland. 

A maximum likelihood tree was built from 58,369 core SNP sites of 56 M. chimaera datasets. 

This tree represents isolates from Sorin/LivaNova HCUs (n=16), OHS related sources (n=16), 

unrelated respiratory samples (n=5), Maquet HCU (n=1), ECMO devices (n=3), M. chimaera 

published strains (n=14) and M. chimaera strain DSM44623 (n=1)). Of these, M. chimaera was 

classified as Group 1 (n=53), Group 2 (n=2) and Ungrouped (n=1). The tree scale represents a 

distance of approx. 5800 SNP’s. 



106 

 

3.3.3.3  Identification of M. chimaera subgroups in Group 1  

To gain a higher resolution of the genomic relationship between M. chimaera isolates belonging 

to the major group 1, divergent isolates (IMRL44, MC_2.1 and MC_2.ug) were excluded from 

the analysis and group 1 isolates were mapped to the M. chimaera complete genome ZEURICH-

1, a published genome sequenced from a cardiac surgery patient linked to a HCU source in the 

global outbreak study [101]. A maximum likelihood tree was built from 465 core SNP sites of 42 

M. chimaera isolates and 12 published M. chimaera subgroup strains that were identified from 

12,597 variants. The resulting phylogeny provided a high resolution of the SNP distances between 

isolates and subgroup strains as represented in Figure 24.  

  

The majority of M. chimaera isolates investigated (n=31) were classified as subgroup 1.1.  

14/16 OHS isolates were attributed subgroup 1.1 and 1/16 OHS related isolates (IMRL37) was 

classified as subgroup 1.8. Likewise, 15/16 Sorin/LivaNova isolates were classified as subgroup 

1.1 and 1/16 (IMRL56) was attributed as subgroup 1.8. One isolate from a Maquet HCU used in 

Centre 7 was identified as subgroup 1.11. 1/3 M. chimaera isolates related to ECMO devices from 

Centre 3 (IMRL68) was identified as subgroup 1.8. Similarly another M. chimaera isolate from 

ECMO devices (IMRL 62) was classified as 1.1. By contrast, all respiratory isolates that were 

epidemiologically unrelated were not identified as part of any subgroup and were classified as 

subgroup 1.ungrouped. Likewise, no isolates were found to be highly related to subgroups 1.2, 

1.3, 1.4, 1.5, 1.6, 1.7, 1.9 or 1.10. A summary of M. chimaera subgroups identified in this study 

is shown in Table 20.  

 

M. chimaera isolates classified as subgroup 1.1 had approx. 10 SNP differences except IMRL61 

and IMRL62 which were relatively closely related to subgroup 1.1 and had ~30 SNP differences 

between them. The majority of M. chimaera isolates belonging to subgroup 1.8 had approx. <18 

SNP differences. 
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Figure 24: Maximum Likelihood Tree of M. chimaera isolates belonging to Group 1 

A maximum likelihood tree was built from 465 core SNP sites of 53 group 1 isolates that were 

mapped to the genome of M. chimaera ZEURICH-1. This tree represents isolates from 

Sorin/LivaNova HCU’s (n=16), OHS related sources (n=15), unrelated respiratory samples (n=5), 

Maquet HCU (n=1), ECMO devices (n=3), M. chimaera published strains (n=12) and M. 

chimaera strain DSM44623 (n=1). Of these, M. chimaera were classified as subgroup 1.1 (n=31), 

1.8 (n=4), 1.11 (n=2), 1.ungrouped (n=8). The tree scale represents approximately 5 SNP’s.
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Table 20: Mycobacterium chimaera strains identified in Ireland (n=42) 

Isolate 

number Centre 

Year 

Collected Sample Source 

Major 

Group Subgroup 

IMRL-3 1 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-5 1 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-7 1 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-8 1 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-48 1 2016 Sorin/LivaNova HCU 1 1.1 

IMRL-1 2 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-19 2 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-56 2 2016 Sorin/LivaNova HCU 1 1.8 

IMRL-38 3 2008 Unrelated respiratory isolate 1 1.UG 

IMRL-37 3 2012 OHS related isolate 1 1.8 

IMRL-36 3 2013 OHS related isolate 1 1.1 

IMRL-35 3 2014 OHS related isolate 1 1.1 

IMRL-34 3 2014 OHS related isolate 1 1.1 

IMRL-66 3 2014 OHS related isolate 1 1.1 

IMRL-39 3 2014 OHS related isolate 1 1.1 

IMRL-40 3 2014 OHS related isolate 1 1.1 

IMRL-42 3 2015 OHS related isolate 1 1.1 

IMRL-65 3 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-70 3 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-71 3 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-43 3 2015 OHS related isolate 1 1.1 

IMRL-50 3 2016 OHS related isolate 1 1.1 

IMRL-51 3 2016 Sorin/LivaNova HCU 1 1.1 

IMRL-53 3 2016 Sorin/LivaNova HCU 1 1.1 

IMRL-52 3 2016 OHS related isolate 1 1.1 

IMRL-64 3 2016 OHS related isolate 1 1.1 

IMRL-74 3 2016 OHS related isolate 1 1.1 

IMRL-63 3 2016 OHS related isolate 1 1.1 

IMRL-61 3 2016 ECMO HCU 1 1.1 

IMRL-68 3 2016 ECMO HCU 1 1.8 

IMRL-69 3 2016 ECMO HCU 1 1.UG 

IMRL-22 4 2015 Sorin/LivaNova HCU 1 1.1 

IMRL-54 4 2016 Sorin/LivaNova HCU 1 1.1 

IMRL-55 4 2016 Sorin/LivaNova HCU 1 1.1 

MCIMRL2 5 2009 Unrelated respiratory isolate 1 1.UG 

MCIMRL4 5 2013 Unrelated respiratory isolate 1 1.UG 

MCIMRL6 5 2014 Unrelated respiratory isolate 1 1.UG 

IMRL-62 5 2015 OHS related isolate 1 1.1 

IMRL-46 7 2015 Unrelated respiratory isolate 1 1.UG 

IMRL-57 7 2016 Maquet HCU 1 1.11 

IMRL-44 8 2012 Unrelated respiratory isolate UG - 

IMRL-32 -  -  M. chimaera DSM44623 1 1.UG 
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3.3.3.4 Comparison of M. chimaera isolates from Ireland and UK  

Clinical and environmental HCU water isolates of M. chimaera (n=6) were referred from one 

hospital in the UK for comparison with M. chimaera isolates in Ireland. A maximum likelihood 

tree was built with Irish M. chimaera isolates from group 1 and with 6 isolates from a single centre 

in the UK (Centre 6) as shown in Figure 25. A total of 473 core SNP’s from 12641 variants were 

identified. Four isolates from one UK centre (IMRL31, IMRL26, IMRL29, IMRL30) were 

closely related to the global outbreak strain 1.1. M. chimaera isolates associated with 

Sorin/LivaNova HCU’s (IMRL26, IMRL29 and IMRL30 and had <5 SNP difference when 

compared to subgroup 1.1 strain.) In comparison, IMRL31 had more than 5 SNP but less than 30 

SNP difference when compared with subgroup 1.1. IMRL31 was closely related to Irish M. 

chimaera isolates IMRL61 and IMRL62. By contrast, two clinical isolates (IMRL27 and 

IMRL28) were found to be closely related to the 1.8 strain with <15 SNP difference.  
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Figure 25: Maximum Likelihood Tree of M. chimaera isolates from Ireland and UK 

A maximum likelihood tree was built from 473 core SNP sites of 59 M. chimaera from group 1 

that were mapped to the genome of M. chimaera ZEURICH-1. This tree represents M. chimaera 

from Ireland and the UK, and includes isolates from Sorin/LivaNova HCU’s (n=20), OHS related 

source (n=15), unrelated respiratory isolate (n=7), Maquet HCU (n=1), ECMO devices (n=3), M. 

chimaera published strains (n=12) and M. chimaera strain DSM44623 (n=1). Of these, M. 

chimaera were classified as subgroup 1.1 (n=35), 1.8 (n=6), 1.11 (n=2), 1.ungrouped (n=8). The 

tree scale represents a distance of approximately 5 SNP’s.
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3.4 Discussion  

Over the past five years a large number of M. chimaera infections complicating OHS has been 

reported worldwide. The HSE/HPSC National Incident Investigation has identified four cases of 

invasive M. chimaera infections in Ireland associated with OHS which were linked to the use of 

Sorin/LivaNova HCU’s [110]. All four cases had undergone aortic valve replacement/repair and 

all presented with endocarditis and/or bloodstream infection [110]. One patient died, however it 

was determined that the primary cause of death was not due M. chimaera infection [110]. The 

incubation period from the time of surgery prior to diagnosis was between 16 to 28 months and 

this is similar to the long incubation periods in cases that were first reported in Switzerland by 

Sax et al [58]. It has been estimated that approximately 1 in 10,000 patients in the Ireland and UK 

have been at risk of M. chimaera infections following OHS, and despite the low risk of these 

infections, they have been life threatening and difficult to treat [103].  

 

M. chimaera cardiovascular infections reported worldwide have only been associated with 

contaminated HCU devices manufactured by Sorin/LivaNova [109,123,200]. M. chimaera 

contamination was found in Maquet HCU’s however no infections have been reported to be 

associated with these devices to date. This is similar to the findings in Ireland as M. chimaera was 

identified in Sorin/LivaNova HCU devices used in 4 Irish Cardiac Surgery Centres between 2015 

and 2016. However, M. chimaera was only identified from a Maquet HCU on one sampling 

occasion in Centre 7 between 2015 and 2016. All Sorin/LivaNova HCU’s in Ireland were replaced 

by new Maquet devices due to the risks of M. chimaera aerosol production posed by Sorin/Liva 

Nova HCU’s. By contrast the design of Maquet HCU’s does not allow for aerosol production 

[110,132]. The removal of Sorin/LivaNova HCU devices appears to have reduced the risk of M. 

chimaera cardiovascular infections [110]. Similarly, the introduction of new decontamination 

protocols for HCU’s and the change from unfiltered tap water to the use of reverse osmosis, sterile 

or filtered water in HCU’s has reduced the level of contamination in HCU devices. Routine 

sampling and monitoring of Maquet HCU devices since 2017 has identified M. chimaera from 

these devices on 2 sampling occasions in Ireland. Continuous monitoring of these devices is 

required to ensure that the risk of M. chimaera infections relating to OHS is minimised.  

 

It is possible that other NTM species contaminating HCU devices also pose a risk of infection 

associated with OHS. This study showed that other NTM species such as M. chelonae, M. 

gordonae, M. scrofulaceum and M. fortuitum were frequently identified in Sorin/LivaNova 

HCU’s. Likewise, M. chelonae, M. gordonae, M. abscessus, M. lentiflavum and M. kansasii were 

identified from Maquet HCU’s used in Irish cardiac surgery centres. A previous study has also 

reported a wide range of opportunistic pathogens that are present in HCU’s including NTM, 
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Aspergillus flavus and Legionella pneumophila [134]. Other bacterial and fungal pathogens were 

not tested for in HCU water samples in this investigation. However, the presence of diverse 

bacterial and fungal species within HCU devices is likely to facilitate the extensive formation of 

biofilms and the hydrophobicity of NTM species allows them to attach to surfaces for biofilm 

formation [134]. There is evidence that other NTM species, eg. M. chelonae can cause 

disseminated infection [228–230]. In this study we found that M. lentiflavum was a predominant 

species found in Maquet devices despite the introduction of new decontamination protocols and 

the change in the type of water used for filling HCU devices. This raises a concern regarding the 

source of M. lentiflavum contamination in Maquet devices, as it has been reported as an emerging 

pathogen in immunocompromised patients [231,232]. Further work is needed to investigate the 

molecular epidemiology of other NTM species identified from HCU devices. Nevertheless, it 

remains unclear why M. chimaera is the main species causing infections associated with OHS. It 

is suggested that M. chimaera may produce biofilms at a higher rate compared to other NTM 

species and further research is needed to investigate this. 

 

The natural reservoir of M. chimaera is not well known but studies in the United States have 

reported its isolation from household water [93], and in this study it was hypothesised that M. 

chimaera may also be found in Irish domestic water. Although this study showed that NTM 

species can be recovered from kitchen tap water from Irish homes located in Dublin, none of these 

were M. chimaera. In spite of the limited number of domestic water samples, the results suggest 

that other sources are likely to exist for M. chimaera. Although it has been hypothesised that M. 

chimaera in HCU’s is due to a single point source of contamination, local contamination at the 

hospital level cannot be ruled out as NTM are ubiquitous in the water systems and 

decontamination of healthcare devices is not always effective [134,137]. In our incident, the 

introduction of new decontamination protocols for contaminated HCU devices reduced the 

number of water samples positive for M. chimaera and NTM species, but complete removal of 

contamination was not possible. M. chimaera and other NTM species were likely to be found in 

hospital waters and pose a potential reservoir for healthcare-associated infections. Outbreaks 

caused by waterborne pathogens such as NTM and Legionella spp. have frequently been 

described [233]. A recent outbreak report of M. abscessus infection in cardiac surgery patients 

has been linked to hospital tap water used to fill heater-cooler units [234]. We showed that NTM 

species could be recovered from hospital water sources such as showers, drinking tap water, scrub 

tap sink in operating theatres, and M. chelonae and M. gordonae were the most frequently 

identified NTM species. With particular reference to scrub tap sinks in operating theatres, NTM 

species were often identified in these water samples and this raises a concern as it may be a 

potential risk for surgical site infections from contaminated hands of surgeons. Several reports of 
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outbreaks have been traced to contaminated hands of the surgical team despite the use of sterile 

gloves [235]. The fact that M. chimaera was not detected in our limited sampling of Irish hospital 

waters other than from water samples taken from Sorin/LivaNova HCU devices, further supports 

the hypothesis that M. chimaera in HCU was due to a single point source of contamination 

associated with the Sorin/LivaNova manufacturing site [120]. The source of M. chimaera 

contamination in Maquet HCU devices is unknown. M. chimaera was identified in a relatively 

small number of sampling occasions and no reports have linked invasive M. chimaera infections 

with the use of Maquet HCU devices.  

 

With the use of whole genome sequencing, the clonality of M. chimaera isolates across many 

countries has revealed a common source. A more recent global epidemiological study strengthens 

the hypothesis of a single common source of M. chimaera contamination and infection [101]. The 

majority of M. chimaera isolates in our study belonged to M. chimaera major group 1 except for 

one OHS related isolate (IMRL44). This study showed that ten isolates from 4 cases of M. 

chimaera infection were linked to the global outbreak strain 1.1 and the majority of M. chimaera 

isolates from Sorin/LivaNova HCU’s were also associated with subgroup 1.1, with <10 SNP 

difference. It was previously reported that one case of M. chimaera infection was associated with 

M. chimaera strain 1.5 and it was hypothesised that the source of infection was due to 

contamination at the hospital level where hospital water also yielded strain 1.5 [101]. Findings 

from the M. chimaera global study revealed that M. chimaera strain 1.8 was the second most 

dominant strain identified from HCU’s [101], and our study also showed that strain 1.8 could be 

found contaminating Sorin/LivaNova HCU’s in Ireland. Likewise, M. chimaera isolates from a 

UK centre that were investigated in this study also belonged to subgroup 1.1 and 1.8, indicating 

that these strains are the most prevalent in Sorin/LivaNova HCU’s. M. chimaera subgroup 2.1 

was also reported in the global study to be contaminating HCU devices, however our 

investigations did not identify any M. chimaera isolates relating to major group 2. In addition to 

the four confirmed clinical cases of M. chimaera infections [110], six further isolates from the 

same centre, but for which there was no further information, were M. chimaera strains that were 

related to the outbreak strains. Four of these were identified as M. chimaera subgroup 1.1 and one 

was identified as M. chimaera subgroup 1.8.  

 

Contamination of Maquet HCU devices with M. chimaera was first reported in Denmark and 

epidemiological investigations showed that the strains were phylogenetically unrelated to M. 

chimaera isolates from Sorin/LivaNovo HCU’s [124]. Recent epidemiological study of M. 

chimaera also classified isolates from Maquet devices as belonging to subgroup 1.11 and 

genetically distinct from the main cluster of HCU and OHS isolates belonging to subgroup 1.1 
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[101]. M. chimaera was isolated from a Maquet HCU device from Centre 7 on one sampling 

occasion and WGS revealed that this strain was related to the subgroup strain 1.11 with < 10 SNP 

difference. Although HCU contamination appears to be a problem for both manufacturing brands, 

Maquet HCU devices seem to have the least risk for being associated with invasive M. chimaera 

infections. All Sorin/Liva Nova HCU devices in Ireland were replaced with new Maquet HCU 

devices in November 2016 and continuous water sampling is on-going as part of the national 

investigation [110]. Recent water sampling of Maquet devices was positive for M. chimaera in 

2018 and further work is required to investigate the epidemiology of M. chimaera isolates from 

Maquet devices. 

 

HCU devices used for extracorporeal membrane oxygenation (ECMO) were previously reported 

to be contaminated with M. chimaera and a retrospective study in Germany revealed that 3 ECMO 

patients were found to have M. chimaera in their respiratory specimens; however the clinical 

implications and genetic relatedness of the isolates are unknown [136,137]. Likewise, M. 

chimaera was detected in water samples associated with ECMO HCU devices that were used in 

one centre and WGS results show that M. chimaera isolated from ECMO HCU are closely related 

to those associated with Sorin/LivaNova devices. M. chimaera isolates relating to ECMO devices 

were related to subgroup 1.1, 1.8 and 1.ungrouped. This suggests the ECMO HCU are 

contaminated with multiple strains of M. chimaera. Furthermore, the source of contamination of 

these devices is unknown and further investigation of ECMO HCU devices is required. 

 

The limitations of this study include the fact that a relatively small number of M. chimaera isolates 

had whole genome sequencing performed and only one M. chimaera isolate per HCU per year in 

each centre was sequenced. The level of M. chimaera contamination pre- and post- HCU 

decontamination procedures is unknown and the type of water used to fill HCU devices in 

different centres was not investigated. Similarly, the number of contaminated HCU per centre was 

not analysed. Water sampling of other hospital water was not performed in all cardiac centres and 

non-cardiac centres, and was mainly limited to hospitals in Dublin. Likewise, domestic water 

sampling was limited mainly to the greater Dublin area. Water sampling in more centres should 

be performed and more M. chimaera isolates should be sequenced for a more comprehensive 

picture. Another limitation of this study is the lack of a standardised nomenclature for M. 

chimaera strains for molecular typing. The genetic relatedness of M. chimaera outbreak isolates 

was previously characterised using a median pairwise SNP distance of 12 SNP’s by van Ingen et 

al [101]. Similarly, 12 SNP’s is used to detect clonal M. tuberculosis transmission and a threshold 

of 25 SNP differences was found for clustered M. abscessus isolates [20,236]. The low genetic 

diversity amongst M. chimaera OHS related isolates and HCU isolates in comparison to published 
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outbreak strains is consistent with the findings of the global M. chimaera molecular epidemiology 

study [101]. Although, large genetic diversity amongst M. chimaera cases and HCU isolates was 

not found in this study or in other studies [101,103], the rates of evolutionary change in the 

genome of M. chimaera should be investigated.  

 

In summary, contamination of HCU with M. chimaera remains an issue and it is expected that 

more cases of M. chimaera infections relating to OHS will be reported across the world. M. 

chimaera infections associated with OHS in Ireland appear to be due to a single point source of 

contamination and are epidemiologically related to the global outbreak strain 1.1. M. chimaera 

contamination of Sorin/LivaNova HCU’s is most likely not due to local water sources and the 

replacement of Sorin/LivaNova HCU devices with Maquet HCU devices has greatly reduced the 

risk of infection. Nevertheless, water sampling and surveillance of Maquet devices is required as 

M. chimaera contamination may be present and the burden of other NTM species within Maquet 

devices needs to be monitored. M. chimaera contamination appears to be a problem in HCU 

devices outside of the cardiac surgery setting and further research is needed to determine the 

clinical implications of M. chimaera infection in ECMO patients. By contrast, epidemiologically 

unrelated respiratory isolates were included for a comparison to M. chimaera isolates relating to 

OHS and whole genome sequencing revealed that they are distantly related and there is a large 

diversity of strains. The epidemiology of M. chimaera as a respiratory pathogen is investigated in 

Chapter 4.  
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Chapter 4 

4 Molecular Epidemiology of Respiratory Mycobacterium chimaera 

isolates  
 

4.1 Introduction  

Molecular typing methods have greatly improved our understanding of the epidemiology of 

mycobacterial infections in determining the sources of infection, transmission links, relapse or 

reinfection and the geographical distribution of strains in the environment [147]. In comparison 

to the pathogenic species of the Mycobacterium tuberculosis complex, typing methods for NTM 

and, in particular, species within the Mycobacterium avium complex (MAC) are still in their early 

stages due to the recent recognition of the potential pathogenicity of species belonging to this 

complex [147,148]. Availability of a single highly discriminatory typing method for various NTM 

and MAC species is substantially lacking. The molecular epidemiology of M. avium and M. 

intracellulare has been studied more comprehensively in comparison to their closely related 

species as well as the more recently identified, Mycobacterium chimaera [150–155].  

 

Recent molecular epidemiological studies of invasive M. chimaera infections associated with 

open heart surgery has been linked to a global outbreak strain 1.1 based on whole genome 

sequencing, while little attention has been paid to respiratory isolates of M. chimaera [101]. In 

the past, M. chimaera has been reported as a respiratory pathogen only in a limited number of 

case series which pre-dated the first reports of M. chimaera cardiovascular infections in 2011 

[57,79]. These limited reports were mainly due to the difficulties in identifying M. chimaera in 

the past as accurate identification required molecular gene sequencing techniques [203].  

 

Following the emergence of M. chimaera as a new species in 2004, it was suggested to be a highly 

virulent respiratory pathogen in a small number of reports [70,99,237]. However, this has been 

the subject of debate as other studies have suggested that M. chimaera is less virulent when 

compared to other members of the MAC, and patients who had M. chimaera cultured from 

pulmonary samples were less likely to have mycobacterial lung disease when compared to those 

with M. intracellulare or M. avium [98,198]. Recent investigation of the clinical characteristics 

and treatment outcomes of pulmonary disease caused by M. chimaera in 11 patients has suggested 

that M. chimaera should be regarded as an important and virulent pathogen as satisfactory 

treatment outcomes were not achieved despite long-term antimicrobial therapy and surgery even 

in complex cases[238]. Furthermore, specific guidelines for treatment of M. chimaera pulmonary 
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and cardiac infections is not included in current American Thoracic Society or British Thoracic 

Society guidelines so that inconsistencies in treatment of pulmonary M. chimaera infections may 

arise [35,36].  

 

A previous study of the characteristics of MAC infections, and treatment outcomes in a patient 

cohort was reported in Ireland, however M. chimaera was not reported and no molecular 

investigations were included [239]. M. chimaera isolates associated with open heart surgery in 

Ireland have been linked to the global outbreak strain known as 1.1, as part of this study. By 

contrast, the molecular epidemiology of respiratory M. chimaera infections is an understudied 

area [101,110].  

 

The aim of this part of the study was to investigate the molecular epidemiology of respiratory M. 

chimaera isolates by characterizing them at individual strain level using whole genome 

sequencing and to determine the diversity of M. chimaera respiratory strains amongst patients in 

Ireland. The goal was to investigate if respiratory M. chimaera isolates are unrelated to that of 

cardiac isolates associated with open heart surgery using WGS. This will improve our 

understanding of M. chimaera as a respiratory pathogen and may help to identify the strains 

associated with disease. Additionally, a summary from a limited retrospective study of the clinical 

characteristics of patients with M. chimaera respiratory isolates is included.  
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4.2 Materials and Methods  

4.2.1 Collection and Identification of M. chimaera isolates 

Clinical M. chimaera isolates were an archival collection from between 2007 and 2017, and had 

previously been recovered from specimens submitted to the IMRL in St. James’s hospital for 

identification as previously described in Chapter 2, section 2.2.3. M. chimaera isolates relating to 

open heart surgery and HCU’s were previously identified as described in in Chapter 3, section 

3.2.4 and 3.2.6. Identification of isolates was performed using 16S rRNA and ITS sequencing as 

previously described in Chapter 2, section 2.2.7 to section 2.2.10 

 

4.2.2 Whole Genome Sequencing of M. chimaera isolates using Illumina® Next 

Generation Sequencing Technology 

A total of 105 M. chimaera isolates had WGS performed, which included 50 M. chimaera isolates 

already reported in Chapter 3 (43 Irish isolates, 6 UK isolates and M. chimaera DSM44623 

reference strain). In this chapter, WGS was performed on 55 respiratory M. chimaera isolates 

previously identified from a collection of archival M. chimaera isolates. WGS was performed as 

previously described in Chapter 3, section 3.2.10.1 to section 3.2.10.6.  

 

4.2.2.1 Genomic DNA extraction 

Genomic DNA of M. chimaera isolates was extracted as described in Chapter 3, section 3.2.10.1. 

4.2.2.2 Quantification of DNA  

Genomic DNA was quantified as described in Chapter 3, section 3.2.10.2. 

4.2.2.3 DNA Library Preparation 

DNA library preparation was performed as described in Chapter 3, section 3.2.10.3. 

4.2.2.4 Quality Control of DNA libraries 

Quality control of DNA libraries was performed as described in Chapter 3, section 3.2.10.4. 

4.2.2.5 Normalization and Pooling of DNA libraries  

Normalisation and Pooling of DNA libraries was performed as described in Chapter 3, section 

3.2.10.5 
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4.2.2.6 Denature and Diluting Pooled Libraries 

Pooled DNA libraries were denatured and diluted as described in Chapter 3, section 3.2.10.6. 

Pooled DNA libraries were then sequenced on the Miseq or Miniseq system. 

 

4.2.3 Whole Genome Sequence Analysis of FASTQ files and Bioinformatics  

Analysis of WGS data was performed on a total of 119 M. chimaera dataset which included 105 

M. chimaera isolates sequenced from this study and 14 published M. chimaera strains (subgroup 

1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 1.10, 1.11, 1.ungrouped, 2.1, 2.ungrouped) as previously 

described in Chapter 3, section 3.2.11 

4.2.3.1 Assessment of a Sequencing Run  

Assessment of a sequencing run was performed as described in Chapter 3, section 3.2.11.1. 

4.2.3.2 Quality Control and Processing of FASTQ files  

Quality Control and Processing of FASTQ files was performed as described in Chapter 3, section 

3.2.11.2 

4.2.3.3 Analysis of M. chimaera sequence reads: Mapping and Coverage 

Raw sequence reads were mapped to the complete reference genome M. chimaera DSM 44623 

as described in Chapter 3, section 3.2.11.3 

4.2.3.4 Variant Calling and Core SNP Phylogeny analysis  

Variant Calling and Core SNP Phylogeny analysis was performed as described in Chapter 3, 

section 3.2.11.4 

 

4.2.4 Published M. chimaera subgroup strains and SNP based classification 

Representative subgroup strains (1.ungrouped, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 1.10, 1.11, 

2.ungrouped and 2.1) were included in the analysis to compare SNP distance of whole genome 

sequenced M. chimaera isolates as previously described in chapter 3 section 3.2.12. 

 

4.2.5 Data Collection of Patients as having M. chimaera pulmonary samples  

A list of isolates anonymized by having alpha numeric codes e.g., IMRL1, was provided to the 

investigator. These originated from patients from whom M. chimaera had either been received 

from another laboratory as an unidentified Mycobacterium spp. or been recovered from clinical 

specimens processed in the IMRL. Clinical data from 26 patients with M. chimaera, was collected 

by Dr Ruth Cusack following receipt of Ethics Committee approval from the respective hospitals 
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where the sample/patient had originated. This involved chart review at several hospitals in Ireland 

which had referred their isolates to the IMRL for identification. This information was collected 

by Dr. Cusack as part of her thesis in part fulfilment of a Master’s degree in the School of Public 

Health in University College Cork [240]. Patients who were under 18 years of age and/or had M. 

chimaera post cardiac surgery were excluded from the study. True infection caused by M. 

chimaera was defined using the American Thoracic Society (ATS) criteria for NTM pulmonary 

infections which classifies patients as having NTM/MAC pulmonary disease if they meet specific 

microbiological, clinical and radiological guidelines as outlined in Table 21 [35]. There was no 

linkage of clinical information with genome sequence results performed in this study. 

 

4.2.6 Ethics 

Before initiation of clinical data collection for 26 patients, the work was approved by the St 

James's Hospital/ Tallaght Hospital Research Ethics Committee, the Social Research Ethics 

Committee University College Cork, and by chairman’s approval from St. Vincent’s University 

Hospital Ethics Committee. 

 

 

Table 21: Clinical and Microbiological Criteria for Diagnosing NTM Lung Disease* 

Clinical Criteria 

 

1. Pulmonary symptoms, cavitary or nodular changes on CXR or CT thorax that showed 

multifocal bronchiectasis and multiple small nodules 

and 

2. Appropriate exclusion of other diagnoses 

Microbiological Criteria 

 

1. Positive culture results from at least two separate expectorated sputum samples  

or 

2.Positive culture result from at least one or more bronchial wash or lavage 

  

or 

3Lung biopsy with mycobacterial features and one or more positive sputum or bronchial 

lavage culture positive 

*Table adapted from the Official ATS/IDSA Statement: Diagnosis, Treatment, and Prevention of 

Nontuberculous Mycobacterial Disease [35] 
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4.3 Results  

 

4.3.1 Two Major Groups of M. chimaera identified by WGS  

 

Whole genome sequencing analysis was performed by mapping 119 datasets to the complete 

genome of M. chimaera DSM 44623. This included: 63 respiratory M. chimaera isolates, 16 OHS 

related M. chimaera isolates and 25 HCU related M. chimaera isolates, 14 published M. chimaera 

subgroup strains and M. chimaera DSM44623 strain (IMRL32) and a maximum likelihood tree 

was built with 118 M. chimaera datasets using 87,034 core SNP sites from 156,198 variants as 

shown in Figure 26.  

 

WGS analysis identified 2 major groups of M. chimaera (Group 1 and Group 2). Altogether, 97 

M. chimaera datasets were classified as major group 1. Major group 1 consisted of the majority 

of M. chimaera isolates (n=84) and were associated with respiratory, OHS and HCU related 

sources. Likewise, subgroup strains 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8, 1.9, 1.10, 1.11, 

1.ungrouped (1.ug) and M. chimaera DSM 44623 strain (IMRL32) was classified into major 

group 1. All major group 1 isolates were within ~1000 SNP difference. In comparison, a total of 

13 M. chimaera datasets were classified as belonging to major group 2. Major group 2 consisted 

of a small number of respiratory M. chimaera isolates (n=11) and subgroup 2.1 and 2.ungrouped 

(2.ug). Group 1 isolates contained approximately >30,000 SNP difference in comparison to group 

2 strains. A total of 8 respiratory isolates were classified as ungrouped to any major group 

(IMRL128, IMRL44, IMRL96, IMRL83, IMRL127, IMRL92, IMRL124, IMRL81), with IMRL 

128 being the most divergent strain with >40,000 SNP difference. To interrogate the individual 

groups further, analysis of group 1 and group 2 isolates was performed separately by mapping the 

isolates to ZEURICH-1 (representative of Group 1) or ZEURICH-2 genome (representative of 

Group 2) [101].  
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Figure 26: Maximum Likelihood Tree of 119 M. chimaera datasets 

A maximum likelihood tree was built with 119 M. chimaera datasets (including 63 respiratory, 

16 OHS related, 25 from HCU, 14 published M. chimaera subgroup strains and M. chimaera 

DSM44623 strain (IMRL32)) using 87,034 core SNP sites from 156198 variants and 

Mycobacterium chimaera isolates were mapped to the complete genome M. chimaera DSM 

44623. Isolates were grouped with a threshold of 1000 SNP’s for each major group (group 1 and 

group2). The tree scale represents approximately 8,700 SNP sites. 
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4.3.1.1 Analysis of M. chimaera isolates in Major Group 1 

97 M. chimaera datasets identified as belonging to major group 1 were mapped to the complete 

genome ZEURICH-1. SNP analysis revealed that IMRL72 and IMRL78 were the most divergent 

isolates which contained >500 SNP differences from other isolates belonging to major group 1 

and these were excluded from the analysis to avoid the topology of the maximum likelihood tree 

from being skewed. 

 

A maximum likelihood tree of the remaining 95 Group 1 datasets was built using 673 core SNP’s 

from 14,809 variant sites as shown in Figure 27. M. chimaera isolates (n=35) associated with 

Sorin/LivaNova HCU water samples and OHS related sources were identified as belonging to 

subgroup 1.1 as previously shown in Chapter 3. Likewise, M. chimaera isolates (n=3) relating to 

Sorin HCU water samples (IMRL56, IMRL68) and one OHS related isolate (IMRL37) were 

identified as subgroup 1.8 as previously shown in Chapter 3. In comparison, the respiratory M. 

chimaera isolates were separate from the main outbreak cluster relating to subgroup 1.1.  

 

Further interrogation of clinical M. chimaera isolates relating to group 1 was undertaken by 

excluding all environmental HCU water isolates from the analysis. A maximum likelihood tree 

of all clinical isolates (OHS and respiratory origin) and 12 published strains (from environmental 

and clinical sources) was built using 739 core SNP’s from 14262 variants as shown in Figure 28. 

All clinical M. chimaera relating to OHS were classified as subgroup 1.1 (dark green), except 

IMRL37 which was classified as subgroup 1.8. By contrast, 13 respiratory isolates were classified 

as subgroup 1.5 (purple), 3 were classified as 1.9 (orange) and 2 respiratory isolates from the UK 

were classified as 1.8 (light green). 24 respiratory M. chimaera isolates did not belong to any 

subgroup (1.1 to 1.11) and were classified as 1.ungrouped (white).  

 

Respiratory M. chimaera isolates were investigated further, and a maximum likelihood tree was 

built using 42 isolates belonging to group 1 with 703 core SNP from 14,105 variants as shown in 

Figure 29. WGS of ungrouped M. chimaera isolates revealed 2 clades unrelated to published 

strains. Clade 1 consisted of 7 respiratory isolates that had a pairwise distance of approx. 25 SNP 

difference. In comparison, Clade 2 consisted of 12 respiratory isolates which had a pairwise 

distance of approx. 40 SNP’s. 
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Figure 27: Maximum Likelihood tree of 83 M. chimaera (including respiratory, OHS and 

environmental isolates) and 12 subgroup strains belonging to Group 1  

A maximum likelihood tree of M. chimaera isolates belonging to group 1 was built using 673 

core SNP’s from 14,809 variants. SNP analysis revealed the main cluster of isolates relating to 
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OHS is associated with subgroup 1.1. By contrast, respiratory M. chimaera isolates were mainly 

separate from the main outbreak group. 
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Figure 28: Maximum likelihood tree of 58 clinical M. chimaera (respiratory and OHS), and 

12 subgroup strains belonging to major group 1 

A maximum likelihood tree of clinical M. chimaera isolates and 12 published strains was built 

using 739 core SNP’s from 14262 variants. The majority of clinical isolates of M. chimaera 

relating to OHS were classified as subgroup 1.1 (dark green), the exception being IMRL37 which 

was classified as subgroup 1.8. By contrast, respiratory M. chimaera isolates were classified as 

subgroup 1.5 (purple), 1.9 (orange) and 1.8 (light green) and 1.ug=1.ungrouped (white). 
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Figure 29: Maximum likelihood tree of 43 respiratory M. chimaera and 12 subgroup strains 

belonging to Major Group 1 

A maximum likelihood tree was built using 42 respiratory M. chimaera isolates belonging to 

group 1 with 703 core SNP from 14105 variants. WGS of respiratory M. chimaera isolates 

revealed two clades (clade 1 and 2) that fell outside of van Ingen subgroups [101]. Clade 1 

(highlighted in red) consisted of 7 respiratory isolates which had a pairwise distance of approx. 

25 SNP . In comparison, Clade 2 (highlighted in blue) consisted of 12 respiratory isolates which 

had a pairwise distance of approx. 40 SNP’s. Subgroups 1.5 (purple), 1.8 (light green) and 1.9 

(orange) were most prevalent amongst respiratory M. chimaera isolates. Scale bar represents 

approx. 7 SNP. 
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4.3.1.2 Analysis of M. chimaera isolates in Major Group 2 

13 M. chimaera datasets (11 respiratory isolates and van Ingen subgroup strains: 2.1 and 2.ug) 

classified as belonging to major group 2 were mapped to the complete genome ZEURICH-2. SNP 

analysis revealed that IMRL118 and IMRL100 were the most divergent isolates which contained 

approximately 3000 - 4000 SNP difference between other isolates belonging to major group 2. A 

maximum likelihood tree of 11 M. chimaera Group 2 datasets was built using 9,816 core SNP’s 

from 15,798 variant sites as shown in Figure 30. One respiratory isolate (IMRL104) had 

approximately 50 SNP difference in comparison to subgroup 2.1 (Sorin/LivaNova HCU strain). 

A cluster of 7 respiratory M. chimaera isolates (IMRL106, IMRL79, IMRL99, IMRL109, 

IMRL126, IMRL 88, IMRL98) were related to the published strain 2.ungrouped and had 

approximately < 100 SNP difference. To interrogate the cluster of respiratory isolates relating to 

the subgroup strain 2.ungrouped, a maximum likelihood tree was built using 170 core SNP’s from 

2473 variants as shown in Figure 31. SNP analysis of respiratory isolates revealed that IMRL 98 

was the most divergent and a cluster of isolates with <15 SNP’s was identified between IMRL106, 

IMRL79, IMRL99, IMRL109, IMRL126, IMRL88 and the published strain 2.ungrouped.  
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Figure 30: Maximum likelihood tree of 13 M. chimaera datasets (including 11 respiratory 

M. chimaera isolates and 2 subgroup strains) in Major Group 2 

A maximum likelihood tree of 13 M. chimaera Group 2 datasets was built using 9,816 core SNP’s 

from 15,798 variant sites. A cluster of 7 respiratory M. chimaera isolates (IMRL106, IMRL79, 

IMRL99, IMRL109, IMRL126, IMRL 88, IMRL98) were closely related to the published strain 

2.ungrouped (2.ug) and had approximately < 100 SNP difference (highlighted in orange). 

IMRL104 had < 100 SNP difference with subgroup 2.1 (Sorin/LivaNova strain). By contrast, 

IMRL 94 and IMRL 104 were most divergent. The scale bar represents approximately 980 SNP.
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Figure 31: Maximum likelihood tree of 7 clustered respiratory M. chimaera isolates and a 

subgroup strain in Group 2 

A maximum likelihood tree was built using 170 core SNP’s from 2473 variants and SNP analysis 

of clustered respiratory isolates in group 2. This revealed that IMRL 98 was the most divergent 

and a cluster of isolates with <15 SNP’s was identified comprising IMRL106, IMRL79, IMRL99, 

IMRL109, IMRL126, IMRL88 and the published strain 2.ungrouped (highlighted in red). The 

scale bar represents approximately 15 SNP’s.  
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4.3.2 Molecular characterization of Consecutive Respiratory M. chimaera isolates 

from Individual Patients 

 

Consecutive respiratory M. chimaera isolates were identified in 9 patients (Patients 17, 22, 23, 

36, 40, 43, 48, 55 and 60) in 6 Irish hospitals between 2007 and 2017. All patients had two or 

more isolates identified as M. chimaera by 16S rRNA and ITS sequencing which were recovered 

from respiratory specimens that had been collected on different dates ranging between 1 day to 5 

years apart.  

 

4.3.2.1 Consecutive Respiratory M. chimaera isolates in Group 1 

WGS analysis showed that Patients 48, 17, 40, 55, 23, and 36 had one or more persistent isolates 

belonging to group 1 as shown in Figure 32. Patient 17 had M. chimaera identified from two 

different respiratory samples (Sputum and bronchial washings) that were collected on two 

separate days in 2012 and WGS analysis showed that there was 2 SNP difference between the 

isolates, and both strains were classified as subgroup 1.5. Patient 23 had M. chimaera identified 

from 2 respiratory samples (sputum and BAL) in 2013 and 2014, and WGS analysis showed that 

there was 1 SNP difference between the isolates, which were classified as 1.ungrouped in Clade 

2. Patient 36 had M. chimaera identified from 3 respiratory samples (1 sputum and 2 BAL) in 

2014, 2015 and 2016. WGS analysis revealed that there was 0 SNP difference between the isolates 

over time, and these were also classified in clade 2. Likewise, Patient 40 had M. chimaera 

identified from 2 respiratory specimens (BAL and bronchial washings) in 2008 and 2016, and 

WGS analysis showed that there were 4 SNP differences between the isolates in group 1. Both 

strains were classified as subgroup 1.5. Patient 48 had M. chimaera identified from 2 respiratory 

samples (both sputum) in February 2016 and November 2016, and WGS analysis revealed that 

there were 3 SNP differences between the isolates. Both strains were also classified as subgroup 

1.5. Patient 55 had M. chimaera identified from 2 respiratory samples (Sputum and BAL) taken 

in 2016 and 2017. WGS analysis revealed that IMRL72 identified in 2016 from patient 55 was 

related to group 1, while IMRL 73 identified in 2017 had 482 SNP differences and was excluded 

from the phylogenetic tree analysis. Both strains were classified as 1.ungrouped.  
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Figure 32: Consecutive Respiratory M. chimaera isolates in Group 1 Characterised by 

Whole Genome Sequencing 

Maximum likelihood tree represents consecutive respiratory M. chimaera isolates from Patient 

48 (green), Patient 17 (pink), Patient 40 (yellow), Patient 55 (purple), Patient 23 (grey), Patient 

36 (blue) and one patient with isolates from the UK (teal) are labelled with a coloured circle. 

Individual Patients identified with only a single M. chimaera isolate are labelled with a white 

circle. Pt=Patient number. Year collected is indicated: 2008 to 2016 for patients with repeat 

isolates. Scale bar represents approximately 7 SNP. 
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4.3.2.2 Consecutive Respiratory M. chimaera isolates in Major Group 2  

Likewise, Patients 22, 43 and 60 had one or more persistent isolates belonging to group 2 as 

represented in Figure 33 and Figure 34. Patient 22 had M. chimaera identified in 2 respiratory 

specimens (both BAL) in 2015 and 2016, and WGS analysis showed that there was 3 SNP 

difference between the isolates. Both strains (IMRL 88 and IMRL 126) were closely related to 

2.ungrouped. Patient 60 had M. chimaera identified from 4 respiratory specimens (3 BAL and 1 

bronchial washings) one in 2010, 2011, 2012 and 2013 respectively. WGS analysis for patient 60 

revealed that the strains had 3 SNP to 13 SNP differences between the isolates, and all strains 

(IMRL106, IMRL109, IMRL99, IMRL79) were classified as 2.ungrouped. By contrast, Patient 

43 had M. chimaera identified from 2 respiratory specimens (both sputum) in 2015 and 2016. 

WGS analysis revealed that one isolate collected from 2015 (IMRL 118) belonged to group 2 and 

the other isolate (IMRL 92) collected from 2016 had approximately 17,500 SNP difference. 

IMRL92 was excluded from the phylogenetic tree to avoid the topology of the tree from being 

skewed. A summary of the molecular characterization and analysis of consecutive M. chimaera 

isolates is shown in Table 22. 

 

4.3.3 Further Analysis of M. chimaera Clusters in Clades 1 and 2 

WGS analysis of M. chimaera isolates also revealed clusters between patients who only had one 

respiratory isolate in clade 1 or clade 2 as shown in Figure 29. A zoomed in maximum likelihood 

tree of clade 1 and clade 2 is displayed in Figure 35. Clade 1 contained one cluster of 6 isolates 

from 6 patients (Patients 16, 10, 41, 54, 19, 59) with approximately <10 SNP difference 

(highlighted in red). IMRL103 was part of clade 1 but had approximately 20 SNP difference in 

comparison to clustered isolates in clade 1. Likewise, clade 2 contained 3 small clusters (cluster 

A, B and C) of M. chimaera isolates. Cluster A contained 2 isolates from Patients 38 and 50,and 

had 3 SNP difference (highlighted in pink). Cluster B contained two isolates from Patients 42 and 

37 with 8 SNP difference (highlighted in blue). Likewise, Cluster C contained 3 isolates from 

Patient 14, 10 and 24 and had approximately 3 SNP difference (highlighted in green).  
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Figure 33: Consecutive Respiratory M. chimaera isolates in Group 2 Characterised by 

Whole Genome Sequencing 

Maximum likelihood tree represents consecutive respiratory M. chimaera isolates from Patients 

60 (orange), 22 (blue) and 43 (green). Individual patients identified with only a single M. 

chimaera isolate are labelled with a white circle. Pt=Patient number. Year collected is indicated 

2010 to 2015. Scale bar represents approximately 980 SNP.  
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Figure 34: The Genomic Relationship of Respiratory M. chimaera isolates from Patients 22, 

60 and 51 in Major Group 2 

Maximum likelihood tree represents persistent respiratory M. chimaera isolates from Patient 60 

(orange) and Patient 22 (blue) with less than 15 SNP difference. Individual patient identified with 

only a single M. chimaera isolate is labelled with a white circle. Pt=Patient number. Scale bar 

represents approximately 15 SNP.  
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Table 22: Molecular Epidemiology of Consecutive Respiratory M. chimaera isolates in 9 

patients 

Patient 

number 
WGS No. 

Date 

Collected 

Specimen 

Type* 

M. chimaera 

Group 

Subgroup/ 

Clade 

17 IMRL 115 Nov 2012 SPU 1 1.5 

  IMRL 114 Nov 2012 BRW 1 1.5 

22 IMRL 088 Apr 2015 BAL 2 2.ungrouped 

  IMRL 126 Nov 2016 BAL 2 2.ungrouped 

23 IMRL 085 Dec 2013 SPU 1 Clade 2 

  IMRL 082 Apr 2014 BAL 1 Clade 2 

36 IMRL 076 May 2014 BAL 1 Clade 2 

  IMRL 046 Dec 2015 BAL 1 Clade 2 

  IMRL 091 Mar 2016 SPU 1 Clade 2 

40 IMRL 095 Jan 2008 BAL 1 1.5 

  IMRL 116 Nov 2012 BRW 1 1.5 

43 IMRL 118 Jan 2015 SPU 2 Ungrouped 

  IMRL 092 Feb 2016 SPU Ungrouped unrelated strain 

48 IMRL 102 Feb 2016 SPU 1 1.5 

  IMRL 125 Nov 2016 SPU 1 1.5 

55 IMRL 072 Nov 2016 BAL 1 unrelated strain 

  IMRL 073 Jun 2017 SPU 1 1.ungrouped 

60 IMRL 106 May 2010 BAL 2 2.ungrouped 

  IMRL 109 Apr 2011 BRW 2 2.ungrouped 

  IMRL 099 Mar 2012 BAL 2 2.ungrouped 

  IMRL 079 Nov 2013 BAL 2 2.ungrouped 
*Specimen types include: SPU= sputum, BRW= bronchial washings and BAL= bronchoalveolar lavage 

 



139 

 

 

 

 

Figure 35: Maximum Likelihood Tree of M. chimaera isolates belonging to Clades 1 and 2  

Represents a zoomed in maximum likelihood tree of Clade 1 and Clade 2 M. chimaera isolates. 

Clade 1 contained a cluster of six isolates from six patients and is highlighted in red. Clade 2 

contained 3 small clusters (cluster A, cluster B, cluster C) and is highlighted in pink, green blue 

and green. Individual Patients identified with only one single M. chimaera isolates are labelled 

with a white circle. Pt=Patient number. Scale bar represents approximately 15 SNP.  
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4.3.4 Clinical Characteristics of 26 Patients with respiratory M. chimaera isolates  

4.3.4.1 Demographics of Patients with M. chimaera isolated from respiratory specimens 

Data were provided by Dr Ruth Cusack for 26 patients originating from 5 different hospitals in 

the Republic of Ireland. There were 14 (53.8%) male and 12 (46.2%) female. 25 (96.2%) patients 

were Caucasian and one (3.8%) patient Asian. The mean age of patients with first sample positive 

for M. chimaera was 57 years (range 22-84 years). 6 (23.1%) patients were current smokers, 7 

(26.9%) patients were ex-smokers and 13 (50%) patients were never smokers. Eight (30.8%) 

patients had a diagnosis of bronchiectasis, 7 (26.9%) a diagnosis of chronic obstructive pulmonary 

disease (COPD) and 5 (19.2%) of asthma. 8 (30.8%) patients had a history of malignancy, 

including one patient having a history of 2 previous malignancies. 9 (34.6%) patients had a history 

of previous immunosuppressant agents use which included chemotherapy, oral steroids and 

biological agents. 23 (88.8%) patients reported having coughs and 11 (42.3%) patients had 

increased sputum production. 9 (34.6%) patients reported dyspnoea and 2 (7.7%) patients had 

documented hypoxia requiring long term oxygen therapy. 6 (23.1%) patients had weight loss. 

5 (19.2) patients had night sweats and 2 (7.7%) had fevers. 3 (11.5%) patients had haemoptysis. 

1 (3.8%) patient was asymptomatic.  

 

 

4.3.4.2 Clinical and Microbiological data for 26 patients with M. chimaera infections in 

relation to the ATS/IDSA guidelines 2007.  

 

In total only 23/26 (88.5%) patients met the clinical criteria NTM/MAC pulmonary disease, but 

only 6/26 (23.1%) patients met the microbiology criteria as per the ATS/IDSA diagnostic 

guidelines. From these, 4/6 (66.7%) patients were treated for their M. chimera infection as 

outlined in Table 23. 
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Table 23: Clinical and Microbiological data for 26 patients from whom a Mycobacterium 

chimaera had been isolated and their relationship to the ATS/IDSA guidelines 2007*+. 

No. of 

Patients 

Clinical 

criteria 

met 

Microbiology 

criteria met 

ATS/IDSA 

criteria met 
Treated 

Clinical 

outcome 

Radiology 

outcome 

1 
    Improved Stable 

2 
    Stable Improved 

3 
    Stable Improved 

4 
    Stable Stable 

5     Improved Improved 

6     Improved Improved 

7 
    Improved Improved 

8     Stable Stable 

9 
    Stable Stable 

10     Stable Stable 

11 
    Stable Improved 

12 
    Stable Stable 

13     Stable Stable 

14     Improved Stable 

15 
    Stable Stable 

16 
    Stable Improved 

17     Improved Improved 

18 
    Improved Improved 

19     Improved Improved 

20 
    Improved Improved 

21     Improved Improved 

22     Improved Improved 

23 
    Stable Stable 

24 
    Improved Stable 

25 
    Improved Improved 

26 
    Improved Stable 

*Abbreviations: ATS=American Thoracic Society; IDSA=Infectious Disease Society of America; Criteria 

met = ; Criteria not met = ; Patients who met the ATS/IDSA diagnostic criteria are highlighted in red.  

+ data provided by Dr. Ruth Cusack
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4.4 Discussion  

 

The molecular epidemiology of M. chimaera is a subject of great clinical interest due to the global 

outbreak of cardiovascular infections associated with open heart surgery [101,103]. However, 

relatively little attention has been paid to the molecular epidemiology of respiratory M. chimaera, 

despite a large number of respiratory isolates having been studied but identified as unrelated to 

cardiac surgery [98,204]. A study by Chand et al identified two clusters of respiratory M. 

chimaera isolates that were from patients without history of cardiac surgery and further 

investigation of these clusters has not been reported [103]. The aim of my work was to investigate 

the genomic diversity of respiratory M. chimaera isolates using WGS which has the highest power 

for strain discrimination. This has shown that respiratory M. chimaera isolates from patients in 

Ireland are unrelated to those associated with OHS and outbreak strain 1.1, which has been 

responsible for the majority of globally reported M. chimaera cardiovascular infections [101].  

 

M. chimaera isolates belonged to two groups known as major group 1 and major group 2, with 

group 1 being the predominant group as it contained the most isolates. A small number of 

respiratory M. chimaera isolates unrelated to groups 1 or 2 (with >40,000 SNP) were classified 

as ungrouped (Figure 26). This is similar to the findings of van Ingen et al where 4 major groups 

of M. chimaera were identified and groups 1 and 2 contained the most isolates [101]. Further 

interrogation of major group 1, showed that a number of our respiratory isolates could be 

classified further into subgroups based on the SNP difference to published subgroup strains from 

a study by van Ingen et al [101]. Subgroup 1.1 has been shown to be associated with M. chimaera 

relating to OHS in Ireland as shown in Chapter 3. By contrast, respiratory M. chimaera isolates 

were classified further into subgroups 1.5 and 1.9, with the majority of strains in this study 

belonging to subgroup 1.5. Respiratory isolates that didn’t belong to any published subgroup were 

also classified as clade 1 or clade 2 in this study (Figure 29). Likewise, a small number of 

respiratory M. chimaera isolates were also classified as group 2 strains (Figure 30 and Figure 31). 

Respiratory isolates that clustered closely with the strain 2.ungrouped had < 10 SNP difference 

and none of the isolates clustered closely with subgroup 2.1.  

 

Analysis of consecutive isolates from individual patients revealed that 9 patients had repeat 

isolates from respiratory specimens collected between 1 day to 5 years apart. 6/9 patients had 

consecutive isolates belonging to M. chimaera group 1 and only 3/9 patients had isolates 

belonging to M. chimaera group 2.The majority of patients who had two or more isolates were 

most likely infected with the same strain as the genomic difference between the strains was 

approximately < 10 SNP (Figure 32, Figure 33 and Figure 34). By contrast, Patients 55 and 43 
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who had 2 or more consecutive isolates were most likely infected with different strains of M. 

chimaera due to the large number of SNP differences. Clustering of M. chimaera isolates was 

also identified between different patients who had only a single isolate collected. Interestingly, 

clade 1 consisted of 6 isolates from 6 patients and had < 10 SNP difference (Figure 35). Further 

investigation of this cluster revealed that all patients were from hospital 5. The significance of the 

finding of 6 patients who were presumably infected with the same M. chimaera strain remains 

unclear. It is hypothesised that there may be the possibility of laboratory contamination, a 

common source of infection or transmission within the hospital. Further investigation of 

epidemiological data is required to elucidate this finding. Three additional small clusters (cluster 

A, B and C) were present in clade 2 M. chimaera isolates and all clustered isolates occurred in 

separate patients from different hospitals (Figure 35). It is hypothesised that patients from 

different hospitals who were colonized/infected with potentially related strains of M. chimaera 

may have acquired the strain from a common environmental source outside of the hospital. 

 

The environmental sources of M. chimaera in Ireland are unknown outside of OHS, linked to the 

use of contaminated water in heater-cooler units. The presence of MAC is commonly detected in 

household water and shower heads in the United States and Japan, and molecular typing by 

Restriction Fragment Length Polymorphism (RFLP) and Variable Number Tandem Repeat 

(VNTR) typing have linked a few cases of M. avium pulmonary disease to household water and 

plumbing sources [241–243]. Likewise, a previous study in the United States reported the 

presence of M. chimaera in household water of 4 patients with M. chimaera pulmonary infection, 

but investigation between these infections and household water was not performed [93]. However, 

typing methods such as RFLP, VNTR and PFGE are beginning to be phased out because of the 

advent of WGS in view of its greater utility in studying molecular epidemiology [93].  

 

Molecular typing of NTM to assess virulence and identify strains associated with clinical disease, 

or to predict the response to treatment has been of great interest as diagnosis of NTM pulmonary 

disease can be difficult and the rate of treatment failure is greater than 50% for MAC species 

[244]. Recent studies on molecular typing of another pathogenic NTM, Mycobacterium kansasii, 

have classified the strains into five distinct subtypes (Subtypes I to V) [156]. The molecular 

epidemiology of M. kansasii reveals that subtype 1 causes mostly pulmonary and disseminated 

disease in immunocompromised individuals, subtype 2 causes infection in HIV infected patients 

and the remaining subtypes are environmental strains that do not cause disease [156,245]. In 

addition to the analysis of the molecular epidemiology of M. chimaera, clinical information from 

26 patients was collected. Analysis of clinical details showed that M. chimaera was associated 

with older patients, chronic pulmonary disease and a heavy burden of symptoms including cough, 

sputum production and dyspnoea. These findings were similar to those previously reported by 
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Boyle et al [198]. All patients had met the clinical criteria for NTM pulmonary lung disease, 

however only 6 patients met the ATS/IDSA diagnostic criteria and 4 of those who met the 

diagnostic criteria were treated. Despite the small number of patients identified as meeting the 

ATS/IDSA diagnostic requirement for M. chimaera respiratory infection, further work is required 

to link clinical data and WGS data to identify patients with strains associated with clinical M. 

chimaera respiratory disease.  

 

In conclusion, this study has shown that the molecular epidemiology of respiratory M. chimaera 

isolates is associated with diverse subgroups which are unrelated to those isolates associated with 

OHS. Respiratory M. chimaera infection is uncommon in Ireland as only a small number of 

patients were identified as having true infection requiring treatment, although this was based on 

a limited sample of 26 patients. Nevertheless, M. chimaera is an emerging respiratory pathogen 

and further investigation will be useful for identifying which strains are associated with 

colonization or clinical infection. Further research is required to identify what are the 

environmental sources of M. chimaera for acquisition by patients. 

 

 



145 

 

 

 

 

 

 

 

 

Chapter 5 

Antimicrobial Susceptibility Testing of Clinical and 

Environmental M. chimaera isolates 
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Chapter 5 

5 Antimicrobial Susceptibility Testing of Clinical and Environmental 

Mycobacterium chimaera isolates  

 

5.1 Introduction 

Mycobacterium chimaera is being increasingly recognised as an emerging pathogen. [70,79,99]. 

The growing importance of this pathogen is emphasized by the recent global outbreak of invasive 

cardiovascular M. chimaera infections and little is known about the antimicrobial susceptibility 

pattern of M. chimaera isolates [101]. In vitro susceptibility data and design of clinical 

breakpoints have been an important factor for the overall therapeutic regimen of bacterial 

infections. However, studies on in vitro antimicrobial susceptibility of MAC are sparse and those 

available in the literature have mainly evaluated the drug susceptibility patterns of members of 

the MAC including M. avium and M. intracellulare, rather than M. chimaera specifically 

[187,246,247].  

 

The Clinical Laboratory Standards Institute (CLSI) recommends that broth microdilution MIC 

should be used to test for antimicrobial susceptibility of MAC [178]. However, routine 

susceptibility testing is only recommended for clarithromycin as it is the primary drug used for 

treatment and results correlate well with clinical responses in respiratory infections caused by 

MAC [178]. The CLSI guidelines also recommend reporting susceptibility of MAC isolates to 

moxifloxacin and linezolid in cases of clarithromycin resistant MAC [178]. Rifampicin, rifabutin, 

ethambutol, amikacin and streptomycin are also considered clinically useful for treatment of 

MAC infections. However, the role of susceptibility testing of these agents is controversial as 

there is poor correlation between MIC results and treatment outcomes and breakpoints for these 

agents have not been established by the CLSI [177]. 

 

Nevertheless, guidelines from both the American Thoracic Society and the British Thoracic 

Society for treatment of NTM infections recommend that a combination of a macrolide 

(clarithromycin or azithromycin), rifamycin (rifampicin or rifabutin) and ethambutol should be 

used for the treatment of MAC pulmonary infections for a duration of 12 months [35,36]. 

Treatment with an injectable aminoglycoside such as amikacin or streptomycin is recommended 

as an addition for individuals with severe MAC pulmonary disease [36]. Treatment of invasive 

cardiovascular M. chimaera infections subsequent to open heart surgery (OHS) is particularly 
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challenging as a high rate of therapeutic failure has been reported, despite targeted antimicrobial 

therapy [109,114,129]. The optimal treatment regimen for invasive M. chimaera infections is 

therefore unknown and to date therapy has been based largely on treatment recommendations for 

pulmonary MAC infections [57,70,99].  

 

The aim of this section of work was to determine the susceptibility profiles of clinical M. chimaera 

isolates recovered from both respiratory and cardiovascular specimens, as well as environmental 

M. chimaera isolates recovered from the water reservoirs of HCU’s to antimicrobial agents that 

are commonly considered for use in the treatment of mycobacterial infections. By increasing in 

vitro antimicrobial susceptibility data for M. chimaera, this should help guide the choice of 

antimicrobial agents used for treatment of cardiac and respiratory infections caused by M. 

chimaera as part of the overall therapeutic strategy.  

 

 

 

 

 

 

 

 



148 

 

5.2 Materials and Methods  

 

5.2.1 Background 

This study was undertaken, in part, in response to Health Service Executive investigation of M. 

chimaera cardiovascular infections associated with open heart surgery. This study was conducted 

using an archival collection of clinical and environmental M. chimaera isolates in the Irish 

Mycobacteria Reference Laboratory as previously mentioned in Chapters 2, 3 and 4. No patient 

data or identifiers were used.  

 

5.2.2 Collection and Identification of M. chimaera isolates  

M. chimaera isolates (n=87) included an archival collection from between 2007 and 2017, and 

more recent clinical and environmental isolates referred from Irish hospitals to the Irish 

Mycobacteria Reference Laboratory in St. James’s Hospital Dublin, Ireland. All isolates were 

identified using 16S rRNA and ITS sequencing, and a subset were also identified using the 

GenoType NTM-DR ver 1.0 assay (Bruker-HAIN Diagnostics, Germany) as previously described 

in chapter 2, section 2.2.11 [248]. M. chimaera isolates included for antimicrobial susceptibility 

testing were selected based on one isolate per patient per year. Duplicate isolates were excluded 

unless an isolate had been recovered from a different specimen type. Of these isolates, 61 were 

previously recovered from respiratory specimens, 15 isolates were from diagnostic samples that 

had been taken during or following OHS, and 11 environmental M. chimaera isolates were 

recovered from water samples taken from HCU’s used in Irish cardiothoracic surgery centres as 

part of the HCU surveillance programme in Ireland dating from 2015 [110]. The M. chimaera 

strain DSM 44623 first described by Tortoli et al was also tested [70]. 
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5.2.3 Antimicrobial Susceptibility Testing  

5.2.3.1 Culture and Inoculum Preparation  

AST was performed on all M. chimaera isolates, including the M. chimaera strain DSM44623 

(n=88), using a broth microdilution method as recommended by the CLSI for susceptibility testing 

of MAC [178]. The SLOWMYCO Sensititre® panel (TREK Diagnostic Systems, Cleaveland, 

OH) was used as previously described and the MIC was determined for commonly used 

antimicrobials for treatment of M. chimaera: clarithromycin, moxifloxacin, linezolid, rifabutin, 

rifampicin, ethambutol, and amikacin [249]. The MIC was also determined for the remaining 

antimicrobial agents tested on the plate: isoniazid, trimethoprim/sulfamethoxazole, ciprofloxacin, 

streptomycin, doxycycline and ethionamide. A summary of the antimicrobial agents and 

concentrations tested is shown in Figure 36. M. chimaera isolates were cultured on Lowenstein 

Jensen medium supplemented with pyruvate (E & O Laboratories, United Kingdom) or on 

Middlebrook agar 7H11 agar (E & O Laboratories, United Kingdom) for approximately 3 weeks 

or until confluent growth was present. A confluent portion of growth was used to adjust to a 0.5 

McFarland standard and 50 µl of the suspension was transferred to 11 ml of Sensititre Mueller-

Hinton broth with 5% v/v Oleic Albumin Dextrose Catalase (OADC) growth supplement. All 

broth microdilution plates were incubated at 35 °C and were read after 7 days, or up to 14 days if 

growth was insufficient in the positive control well. At least 2+ growth was required before the 

plate was read, as illustrated in Figure 37. 
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Figure 36: SLOWMYCO Sensititre® panel and CLSI Interpretive Criteria for Mycobacterium avium Complex 

Represents the SLOWMYCO Sensititre® plate for antimicrobial susceptibility testing of slow growing nontuberculous mycobacteria. The plate contains 

13 antimicrobial agents including: clarithromycin (CLA), rifabutin (RFB), ethambutol (EMB), isoniazid (INH), moxifloxacin (MOX), rifampin (RIF), 

trimethoprim/sulfamethoxazole (SXT), amikacin (AMI), linezolid (LZD), ciprofloxacin (CIP), streptomycin (STR), doxycycline (DOX) and ethionamide 

(ETH). Concentrations of antimicrobials agents are represented in µg/ml. CLSI breakpoints were available for clarithromycin and tentative CLSI 

breakpoints for moxifloxacin and linezolid were available. MIC’s for susceptible (green), intermediate (yellow) and resistant (red) isolates to CLA, MOX 

and LZD are highlighted. 
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Figure 37: CLSI guidelines for interpretation of growth patterns for antimicrobial 

susceptibility testing of Mycobacterium species 

The figure was adapted from the CLSI guidelines for susceptibility testing of rapid growing 

mycobacteria [178]. Care must be taken to read known negative wells because a slight precipitate 

related to the inoculum may be seen. Wells 4A, 5A, 2B, 4B, 4C, 3D and 4D are all negative. 1E 

represents 4+ growth, 3A represents few colonies with no turbidity, 5C represents few colonies 

with hazy turbidity, 5D represents 1+ with definite haze or turbidity, 5E represents 2+ growth 

with definite turbidity and clumpy growth (indicated in red), 1B represents 2+ moderate countable 

colonies and slight turbidity, 1D represents 3+ heavy colonial growth, 4E represents 3+ heavy 

growth with turbidity and 1C represents 4+ heavy confluent growth that is comparable to 2A and 

2E.  
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5.2.3.2 Quality Control  

A quality control strain of Mycobacterium avium ATCC 700898 was included with each batch of 

isolates tested. The MIC was read after 7 days if growth was sufficient in the positive control well 

(ie. at least 2+ growth as illustrated in Figure 37. Otherwise, the plate was incubated for up to 10 

days. CLSI tentative quality control ranges for M. avium ATCC 700898 strain is shown in Table 

24. 

 

 

 

 

Table 24: Tentative Quality Control Ranges for Mycobacterium avium ATCC 700898 

Antimicrobial agent Mycobacterium avium ATCC 700898  

Amikacin 2 – 16 µg/ml 

Ciprofloxacin 2 – 16 µg/ml 

Clarithromycin 0.25 – 4 µg/ml 

Ethambutol 2 – 16 µg/ml 

Isoniazid ≥ 1 µg/ml 

Linezolid 8 – 32 µg/ml 

Moxifloxacin 0.25 – 4 µg/ml 

Rifabutin ≤ 0.25 – 1 µg/ml 

Rifampicin ≥ 1 µg/ml 

Streptomycin 4 – 32 µg/ml 

Trimethoprim/sulfamethoxazole 0.25/4.8 – 2/38 µg/ml 
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5.2.4 Interpretation of MIC and Breakpoints  

The positive growth well was read first, and MIC results were interpreted using the Sensititre® 

Manual Viewbox (Thermo Fisher Scientific, United States). The MIC was recorded as the lowest 

concentration of antimicrobial agent that inhibited visible growth [178]. Breakpoints available 

from CLSI were used to interpret isolates as being either susceptible (S), intermediate (I) or 

resistant (R) to clarithromycin (S ≤ 8 µg/ml, I=16 µg/ml, R ≥ 32 µg/ml), and tentative breakpoints 

from CLSI were used for moxifloxacin (S ≤ 1 µg/ml , I = 2 µg/ml, R ≥ 4 µg/ml) and linezolid (S 

≤ 8 µg/ml, I = 16 µg/ml, R ≥ 32 µg/ml) as summarised in Table 25 [178]. As CLSI breakpoints 

are not defined for rifampicin, amikacin, ethambutol, rifabutin and streptomycin, MIC’s for 

amikacin were interpreted according to breakpoints proposed by Brown-Elliott et al (S ≤16 µg/ml, 

I=32 µg/ml, R≥64 µg/ml [186]. M. chimaera isolates were classified as resistant if the MIC met 

the breakpoint for rifampicin R ≥ 8 μg/ml and ethambutol ≥ 8 μg/ml, as previously used by Kim 

et al and Schon et al [247,151]. Resistant breakpoints for rifampicin and ethambutol were 

previously derived from pharmacokinetic and pharmacodynamic (PK/PD) studies by van Ingen 

et al [250]. Tentative epidemiological cut off (ECOFF) values by Maurer et al were also used to 

investigate wild-type versus non wild-type isolates against rifabutin (2 µg/ml), amikacin (32 

µg/ml), moxifloxacin (8 µg/ml), linezolid (64 µg/ml) and streptomycin (64 µg/ml) [175]. 

Likewise, breakpoints and ECOFF values were not used for ciprofloxacin, doxycycline, isoniazid, 

trimethoprim/sulfamethoxazole and ethionamide. The MIC50 was determined as the minimum 

concentration required to inhibit 50% of the isolates and the MIC90 was determined as the 

minimum concentration required to inhibit 90% of the isolates.

 

Table 25: Antimycobacterial Agents and Interpretative Criteria for Mycobacterium avium 

by CLSI guidelines 

Antimicrobial Agenta MIC (µg/ml) 

S I R 

Primary  

Clarithromycin ≤ 8 16 ≥32 

Secondary  

Moxifloxacinb ≤ 1 2 ≥4 

Linezolidb ≤ 8 16 ≥32 

a. Although ethambutol, rifampicin, rifabutin, streptomycin and amikacin are considered clinically useful 

agents, breakpoints for determining susceptibility and resistance have not been established. 

b. Breakpoints for moxifloxacin and linezolid are considered tentative 
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5.3 Results  

5.3.1 Quality Control of Antimicrobial Susceptibility Testing of M. chimaera 

isolates  

With each batch of isolates tested, a quality control strain of Mycobacterium avium ATCC 700898 

was included and met the quality control ranges as previously described in Table 24.  

 

5.3.2 Antimicrobial Susceptibility Profile of M. chimaera DSM44623 

The antimicrobial susceptibility pattern for the M. chimaera strain DSM 44623 was: susceptible 

to clarithromycin (MIC 1 µg/ml), linezolid (MIC 8 µg/ml) and intermediate to moxifloxacin (MIC 

2 µg/ml) when CLSI breakpoints were applied. When breakpoints and ECOFF values from the 

literature were used, the strain was also determined to be susceptible to rifampicin (MIC 2 µg/ml), 

amikacin (MIC 4 µg/ml), ethambutol (MIC: 4 µg/ml), rifabutin (MIC ≤ 0.25 µg/ml) and 

streptomycin (MIC: 8 µg/ml). The MIC’s of the remaining agents were as follows: ciprofloxacin 

(MIC 16 µg/ml), isoniazid (MIC 2 µg/ml), ethionamide (MIC 2.5 µg/ml), 

trimethoprim/sulfamethoxazole (MIC 2/38 µg/ml) and doxycycline (MIC >16 µg/ml). 

 

5.3.3 Antimicrobial Susceptibility of M. chimaera isolates based on CLSI 

breakpoints, tentative breakpoints or ECOFF values and PK/PD derived 

breakpoints 

The MIC ranges, MIC50, MIC90 and the number of resistant isolates is displayed in Table 26. 

Using the CLSI breakpoints, 100% (87/87) of M. chimaera isolates were susceptible to 

clarithromycin (MIC ≤ 8 µg/ml) and the range was 0.25 µg/ml to 4 µg/ml. Based on tentative 

CLSI breakpoints for moxifloxacin, 25% (36/87) of isolates had an intermediate susceptibility 

(MIC of 2 µg/ml) and 53% (46/87) were resistant to moxifloxacin (MIC ≥ 4 µg/ml). By contrast, 

when ECOFF values for moxifloxacin were applied, all isolates showed a wild-type pattern. 

Likewise, based on tentative CLSI break points for linezolid, 39% (34/87) of isolates had 

intermediate susceptibility (MIC of 16 µg/ml), while 39% (34/87) were resistant (MIC ≥ 32 

µg/ml). By contrast, when ECOFF values for linezolid was used 3.4% (3/87) were classified as 

non-wildtype. ECOFF values for rifabutin also showed that 2.2% (2/87) of M. chimaera isolates 

were non-wildtype, and 1.1% (1/87) were non-wildtype to streptomycin. When applying the 

suggested PK/PD-derived breakpoints for rifampicin and ethambutol, 18% (16/87) were resistant 

to rifampicin and 11% (10/87) were resistant to ethambutol. When applying breakpoints proposed 

by Brown Elliot et al for amikacin, all isolates were susceptible except for two isolates that had 

intermediate susceptibility (MIC: 32 µg/ml). MIC distributions for ciprofloxacin ranged from 2 
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µg/ml to >16 µg/ml, with a MIC50 of 16 µg/ml and MIC90 of >16 µg/ml. MIC distributions for 

isoniazid ranged from 0.25 µg/ml to >8 µg/ml, with a MIC50 of 4 µg/ml and MIC90 >8 µg/ml. 

MIC distribution for ethionamide was 1.2 µg/ml to 20 µg/ml, with a MIC50 of 5 µg/ml and MIC90 

of 10 µg/ml. MIC distribution for doxycycline was ≤0.12 µg/ml to >16 µg/ml, with a MIC50 of 

>16 µg/ml and MIC90 of >16 µg/ml. MIC distribution for trimethoprim/sulfamethoxazole ranged 

from 2/38 µg/ml to 8/152 µg/ml, with a MIC50 of 2/38 µg/ml and MIC90 of 8/152 µg/ml. MIC 

distributions for all antimicrobial agents tested are shown in Figure 38, Figure 39 and Figure 40. 

MIC distributions for ciprofloxacin, doxycycline, trimethoprim/sulfamethoxazole and isoniazid 

were truncated at the upped end.  
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Table 26: Antimicrobial Susceptibility Profile of M. chimaera isolates (n=87) 

a. CLSI Breakpoints were used to interpret susceptible, intermediate and resistant MIC's to the following antimicrobial agents: clarithromycin S ≤ 8 µg/ml, I=16 µg/ml, 

R ≥ 32 µg/ml , moxifloxacin S ≤ 1 µg/ml , I = 2 µg/ml, R ≥ 4 µg/ml , and linezolid S ≤ 8 µg/ml, I = 16 µg/ml, R ≥ 32 µg/ml [178]. 

b. Tentative ECOFF values by Maurer et al were used to determine wild-type (susceptible) and non wild-type (resistant) isolates for moxifloxacin, linezolid, rifabutin, 

amikacin and streptomycin. ECOFF values were: MOX = 8 µg/ml, LZD = 64 µg/ml, RFB = 2 µg/ml, and STR = 64 µg/ml. Breakpoints proposed by Brown-Elliot were 

used to interpret results for amikacin; S ≤16 µg/ml I = 32 µg/ml, R ≥64 µg/ml [186]. 

c. Resistant breakpoints derived from a pharmacokinetic and pharmacodynamic (PK/PD) study by van Ingen et al 2012 [250]. M. chimaera isolates were classified as 

resistant if the MIC for rifampicin was ≥ 8 μg/ml, ethambutol ≥ 8 μg/ml and amikacin ≥ 64 μg/ml, as previously used by Kim et al 2013 and Schon et al 2017 [151,247]. 

Antimicrobial 

Agent* 

MIC range 

(µg/ml) 
MIC50 (µg/ml) MIC90 (µg/ml) 

No. of Resistant isolates according to: 

CLSI Breakpointa 

Tentative 

breakpoint/ 

ECOFFb 

Breakpoint derived 

from PK/PDc 

Clarithromycin 0.25 - 4 2 4 0 - - 

Moxifloxacin 1 - >8 4 4 46/87 (52%) 0 - 

Linezolid 4 - 64 16 32 34/87 (39%) 3/87 (3%) - 

Rifampicin 0.5 - >8 4 8 - - 16/87 (18%) 

Ethambutol ≤0.5 - >16 4 8 - - 10/87 (11%) 

Rifabutin ≤0.25 - >8 ≤ 0.25 1 - 2/87 (2%) - 

Amikacin 2 - 32 8 16 - 0 - 

Streptomycin 4 - >64 16 32 - 1/87 (1%) - 

Isoniazid 0.25 - >8 4 >8 - - - 

Ciprofloxacin 2 - >16 16 >16 - - - 

Doxycycline ≤0.12 - >16 >16 >16 - - - 

Trimethoprim/ 

Sulfamethoxazole 2/38 - 8/152 2/38 8/152 - - - 

ETH 1.2 - >20 5 10 - - - 
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Figure 38: Minimum inhibitory concentration (MIC) of clarithromycin, moxifloxacin and 

linezolid 

The MIC of 87 M. chimaera isolates against clarithromycin (CLA), moxifloxacin (MOX) and 

linezolid (LZD). CLSI breakpoints for susceptible (S), intermediate (I) and resistant isolates are 

represented as green, yellow and resistant, respectively [178]. 
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Figure 39: Minimum inhibitory concentration (MIC) of amikacin, rifabutin and 

streptomycin 

The MIC of 87 M. chimaera isolates against amikacin (AMI), rifabutin (RFB) and 

streptomycin (STR). Amikacin breakpoints proposed by Brown-Elliot et al 2013 are indicated 

in green for susceptible, yellow for intermediate and red for resistant. ECOFF values for RIF 

and STR suggested by Maurer et al is indicated by the arrow [175]. 
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Figure 40: Minimum inhibitory concentration (MIC) of rifampicin and ethambutol 

The MIC of 87 M. chimaera isolates against rifampicin (RIF) and ethambutol (EMB). 

Pharmcokinetic and pharmacodynamic derived (PK/PD) breakpoints by van Ingen et al is 

indicated by the arrow to determine wild-type (susceptible) to non-wild type (resistant) isolates.  
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Figure 41: Minimum inhibitory concentration (MIC) of ciprofloxacin, doxycycline, 

ethionamide, isoniazid and trimethoprim/sulfamethoxazole. 

The MIC of 87 M. chimaera isolates against ciprofloxacin (CIP), doxycycline (DOX), 

ethionamide (ETH), isoniazid (INH) and trimethoprim/sulfamethoxazole (SXT) are shown above. 

No breakpoint is indicated for these antimicrobial agents. 
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5.3.4 Antimicrobial Susceptibility Patterns of Clinical and Environmental M. 

chimaera isolates against antimicrobial agents commonly used to treat 

MAC infections 

 

Table 27 describes the MIC’s of all clinical and environmental isolates of M. chimaera which 

were tested against 7 antimicrobial agents that are commonly used to treat M. chimaera infections: 

clarithromycin (CLA), moxifloxacin (MOX), linezolid (LZD), rifampicin (RIF), ethambutol 

(EMB), rifabutin (RFB) and amikacin (AMI) as previously studied by Kohler et al [109]. All 

respiratory, OHS and environmental isolates were susceptible to CLA. Of the MOX resistant 

isolates, 38/61 (62%) were of respiratory origin, 2/15 (13%) were from OHS sources and 6/11 

(55%) were from environmental HCU water source. Of the LZD resistant isolates, 26/61 (43%) 

were of respiratory origin, 2/15 (13%) were from OHS sources and 6/11 (55%) were from 

environmental HCU water sources. Antimicrobial susceptibility testing results showing 

susceptible, intermediate and resistant clinical and environmental M. chimaera isolates with CLSI 

breakpoints for CLA, MOX and LZD are shown in  

Figure 42.  

 

Of the RIF resistant isolates, 8/61 (13%) were of respiratory origin, 1/15 (6.6%) were from OHS 

sources and 7/11 (63%) were from an environmental HCU water source. Of the EMB resistant 

isolate, 9/61 (14.7%) were of respiratory origin and 1/15 (6.6%) were from OHS sources. 85/87 

(98%) M. chimaera isolates were classified as susceptible to AMI, except 1/15 (6.6%) from OHS 

related sources and 1/11 (9%) from a HCU isolates was classified as intermediate. Of the RFB 

resistant isolates (non-wildtype), 1/15 (6.6%) was from an OHS related source and 1/11 (9%) was 

from an environmental HCU water source. Likewise, of the STR resistant M. chimaera isolates, 

one was of respiratory origin and none were from OHS or environmental sources.  
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Table 27: In vitro susceptibility testing of M. chimaera isolates recovered from specimens collected between 2007 and 2017 (n=87) 

Isolate Source 
Antimicrobial  

Agent* 

MIC (µg/ml) 
No. of 

Resistant 

isolates** ≤ 0.25 0.5 1 2 4 8 16 32 64 >64 

Respiratory (n=61) 

 

 

 

 

 

  

CLR 1 4 21 28 7      0 

MOX   1 22 34 4     38 

LZD      10 25 24 2  26 

RIF   5 21 27 8     8 

EMB    11 41 6 3    9 

RFB 27 23 9 1 1      1 

AMI    1 4 29 11    0 

STR     1 12 20 24 4 1 1 

Open heart surgery related 

(n=15) 

 

 

 

 

  

CLR 1 3 6 4 1      0 

MOX   2 11 2      2 

LZD     2 5 6 2   2 

RIF   3 5 6 1     1 

EMB  2  4 8 1     1 

RFB 11 3 1        0 

AMI    1 6 6 1 1   0 

STR     1 9 5    0 

Environmental heater cooler 

unit water (n=11) 

 

 

 

 

  

CLR  3 1 5 2      0 

MOX   2 3 4 2     6 

LZD     1 1 3 6   6 

RIF  1  1 2 7     7 

EMB  0  3 8      0 

RFB 7 2 1   1     1 

AMI     3 5 2 1   0 

STR      2 6 3   0 

* Abbreviations for antimicrobial agents: clarithromycin (CLR), moxifloxacin (MOX), linezolid (LZD), rifampicin (RIF), ethambutol (EMB), rifabutin (RFB) and 

amikacin (AMI). **CLSI Breakpoints were used to interpret susceptible, intermediate and resistant MIC's to the following antimicrobial agents: clarithromycin S ≤ 8 

µg/ml, I=16 µg/ml, R ≥ 32 µg/ml , moxifloxacin S ≤ 1 µg/ml , I = 2 µg/ml, R ≥ 4 µg/ml , and linezolid S ≤ 8 µg/ml, I = 16 µg/ml, R ≥ 32 µg/ml. M. chimaera isolates 

were classified as resistant if the MIC for rifampicin ≥ 8 μg/ml , ethambutol ≥ 8 μg/ml and amikacin ≥ 64 μg/ml, as previously used by Kim et al 2013, Brown-Elliott et 

al 2013 and Schon et al 2017 [151,186,247]. ECOFF values were used to determine non-wildtype isolates: RFB = 2 µg/ml and STR = 64 µg/ml [175]. The number of 

resistant isolates is highlighted in red. 
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Figure 42: Distribution of clarithromycin, moxifloxacin and linezolid MIC’s for clinical and 

environmental M. chimaera isolates  

The MIC of 87 clinical and environmental M. chimaera isolates against clarithromycin (CLA), 

moxifloxacin (MOX) and linezolid (LZD). CLSI breakpoints for susceptible (S), intermediate (I) 

and resistant (R) isolates is indicated by the solid and dashed lines. The number of respiratory 

isolates are shown in purple, open heart surgery related isolates are shown in orange and 

environmental HCU isolates are shown in grey.  
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5.3.5 Susceptibility Pattern of M. chimaera isolates associated with open heart 

surgery  

The susceptibility pattern of isolates relating to open heart surgery is shown Table 28. Major 

changes in MIC of more than one two-fold dilution between isolates recovered from the same 

patient are highlighted in grey. M. chimaera isolates from patient 1 had major changes in MIC for 

MOX, LZD, RIF, AMI, STR, CIP and INH in four isolates. The MIC of MOX increased from 1 

µg/ml (S) to 4 µg/ml (R) between the first two isolates collected. Later isolates identified had an 

MIC of 2 µg/ml (I) for MOX. The MIC for LZD increased from 8 µg/ml (S) to 32 µg/ml (R) 

between the first two isolates. Later isolates had an MIC of 8 µg/ml (S) and 16 µg/ml (I) for LZD. 

The MIC for RIF increased from 1 µg/ml to 4 µg/ml in isolates from patient 1. The MIC of later 

isolates were >8 µg/ml and 2 µg/ml for RIF. Likewise, the MIC for AMI increased from 4 µg/ml 

to 32 µg/ml and an isolate collected one year later had an amikacin MIC of 8 µg/ml. MIC for STR 

increased from 4 to 16 µg/ml and an isolate collected one year later had an MIC of 8 µg/ml for 

STR. The MIC for CIP increased from 8 to 16 µg/ml and later isolates had an MIC of 2 µg/ml 

and 8 µg/ml. The MIC for INH increased from 1 µg/ml to 8 µg/ml between the first and last 

isolate collected from patient 1. M. chimaera isolates from Patient 2 also had MIC changes for 

linezolid from 16 µg/ml (I) to 32 µg/ml (R). Likewise, the MIC increased from 2 to 8 µg/ml for 

AMI in Patient 3. M. chimaera isolates from Patient 4 had no major changes in MIC for the 

antimicrobial agents that were tested.  
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Table 28: Antimicrobial susceptibility pattern of M. chimaera isolates associated with open heart surgery 

 

*Isolates classified as susceptible (S), intermediate (I) and resistant (R) for clarithromycin, moxifloxacin and linezolid according to CLSI breakpoints. Abbreviations: WGS no. = whole 

genome sequencing number, CLA=clarithromycin, MOX=moxifloxacin, LZD=linezolid, RFB=rifabutin, EMB=ethambutol, RIF=rifampicin, AMI=amikacin, INH=isoniazid, SXT= 

trimethroprim/sulfamethoxazole, CIP=ciprofloxacin ,STR=streptomycin, DOX=doxycycline, ETH=ethionamide. (No.).= represent arbitrary numbers given for isolates from the same 

case.

Patient 

No.  
WGS no. 

Date 

Collected 

Antimicrobial Agent (MIC µg/ml) 

CLA* MOX* LZD* RFB EMB RIF AMI INH SXT CIP STR DOX ETH 

1 

IMRL 66 Sept 2014 1 (S) 1 (S) 8 (S) ≤ 0.25 2 1 4 1 2 / 38 8 4 16 1.2 

IMRL 39 Oct 2014 2 (S) 4 (R) 32 (R) ≤ 0.25 4 4 8 1 2 / 38 16 16 >16 2.5 

IMRL 40 Oct 2014 2 (S) 2 (I) 8 (S) ≤ 0.25 4 >8 32 1 2 / 38 2 8 >16 2.5 

IMRL 42 Mar 2015 0.5 (S) 2 (I) 16 (I) ≤ 0.25 4 2 8 8 8/152 8 8 >16 20 

2 
IMRL 43 Dec 2015 0.25 (S) 2 (I) 16 (I) 0.5 8 2 16 4 2 /38 4 16 >16 10 

IMRL 50 Mar 2016 2 (S) 2 (I) 32 (R) 0.5 2 4 8 2 2 /38 2 16 >16 5 

3 
IMRL 52 Apr 2016 0.5 (S) 2 (I) 4 (S) ≤ 0.25 2 1 2 0.5 1 / 19 8 8 >16 5 

IMRL 74 May 2016 1 (S) 2 (I) 4 (S) ≤ 0.25 2 1 8 0.25 2/38 4 8 >16 2.5 

4 
IMRL 64 May 2016 1 (S) 2 (I) 16 (I) ≤ 0.25 ≤ 0.5 2 4 0.5 2/38 8 16 >16 2.5 

IMRL 63 Sept 2016 1 (S) 2 (I) 16 (I) ≤ 0.25 ≤ 0.5 2 4 0.5 2 / 38 8 16 >16 2.5 

5 IMRL 37 Oct 2012 0.5 (S) 1 (S) 8 (S) ≤ 0.25 4 2 4 8 0.5/9.5 8 8 16 5 

6 IMRL 36 Sept 2013 1 (S) 2 (I) 8 (S) ≤ 0.25 4 4 4 8 2/38 8 8 >16 10 

7 IMRL 35 Feb 2014 2 (S) 4 (R) 16 (I) 1 4 4 8 8 2/38 8 8 >16 10 

8 IMRL 34 Feb 2014 1 (S) 2 (I) 8 (S) ≤ 0.25 4 4 4 8 4/76 8 8 >16 5 

9 IMRL 62 Aug 2015 4 (S) 2 (I) 16 (I) 0.5 4 4 8 2 2 / 38 16 8 >16 2.5 
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5.3.6 Susceptibility Pattern of respiratory M. chimaera isolates from Patients 

with Consecutive Isolates 

Patients with consecutive isolates of M. chimaera identified from respiratory specimens and those 

who had M. chimaera identified from more than one specimen type had antimicrobial 

susceptibility testing performed. Table 29 displays the susceptibility pattern of 21 respiratory M. 

chimaera isolates from 9 patients who were unrelated to OHS. Those highlighted in grey represent 

isolates with differences in MIC between isolates. M. chimaera isolates from Patient 17 showed 

a difference in MIC for LZD from 16 µg/ml (I) to 32 µg/ml (R). Patient 22 showed a difference 

in MIC for MOX from 2 µg/ml (I) to 4 µg/ml (R), LZD 32 µg/ml (R) to 16 µg/ml (I). Patient 23 

also had a MIC change for LZD 32 µg/ml (R) to 16 µg/ml (I). Patient 36 showed differences in 

MIC for LZD, from 32 µg/ml (R) to 16 µg/ml (I), RFB, from 1 µg/ml to ≤0.25 µg/ml, AMI, from 

16 µg/ml to 4 µg/ml, INH, from >8 µg/ml to 4 µg/ml, SXT ≥8 /152 µg/ml to 1/19 µg/ml and 

streptomycin 64 µg/ml to 16 µg/ml. Similarly, Patient 40 differences in MIC values were seen for 

CLA, 2 µg/ml (S) to 0.5 µg/ml (S), RFB 2 µg/ml to 0.5 µg/ml and INH 4 µg/ml to 0.5 µg/ml. 

Patient 43 showed differences in MIC values for MOX, 4 µg/ml (R) to 2 µg/ml (I), , LZD 32 

µg/ml (R) to 16 µg/ml (I), RIF 4 µg/ml to 1 µg/ml and isoniazid >8 µg/ml to 2 µg/ml. Patient 48 

had a change in MIC for CLA 4 µg/ml (S) to 1 µg/ml (S), MOX 4 µg/ml (R) to 2 µg/ml (I) and 

SXT >8/152 µg/ml to 4/76 µg/ml. Patient 55 had a MIC change for MOX 4 µg/ml (R) to 2 µg/ml 

(I), LZD 32 µg/ml (R) to 16 µg/ml (I). Patient 60 had a MIC change for LZD 32 µg/ml (R) to 8 

µg/ml (S) and ETH 10 µg/ml to 2.5 µg/ml. 
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Table 29: Antimicrobial susceptibility testing of consecutive respiratory M. chimaera isolates 

*CLSI breakpoints indicated for susceptible (S), intermediate (I) and resistant (R) for clarithromycin, moxifloxacin and linezolid

Patient 

No. Sample ID 

Date 

Collected 

Antimicrobial Agent (µg/ml)* 

CLA MOX LZD RFB EMB RIF AMI INH SXT CIP STR DOX ETH 

17 
IMRL 115 22 Nov 2012 4 (S) >8 (R) 16 (I) 0.5 8 4 8 >8 4/76 >16 32 >16 5 

IMRL 114 23 Nov 2012 4 (S) 4 (R) 32 (R) 0.5 8 4 4 4 4/76 16 32 16 5 

22 
IMRL 088 Apr 2015 2 (S) 2 (I) 32 (R) 0.5 4 4 8 4  8/152 16 32 >16 2.5 

IMRL 126 Nov 2016 2 (S) 4 (R) 16 (I) ≤ 0.25 4 4 8 4 4/76 16 32 >16 5 

23 
IMRL 085 Dec 2013 2 (S) 4 (R) 32 (R) ≤ 0.25 4 2 16 ≥8 2/38 >16 32 >16 5 

IMRL 082 Apr 2014 2 (S) 4 (R) 16 (I) ≤ 0.25 4 1 8 8 2/38 16 32 >16 5 

36 

IMRL 076 May 2014 2 (S) 8 (R) 32 (R) 1 4 2 16 >8 ≥8/152 16 16 >16 10 

IMRL 046 Dec 2015 4 (S) 4 (R) 32 (R) ≤ 0.25 4 2 8 8 8/152 >16 64 >16 5 

IMRL 091 Mar 2016 2 (S) 4 (R) 16 (I) ≤ 0.25 2 2 4 4 1/19 16 16 16 5 

40 
IMRL 095 Jan 2008 2 (S) 4 (R) 32 (R) 2 2 4 4 4 8/152 >16 64 >16 5 

IMRL 116 Nov 2012 0.5 (S) 4 (R) 32 (R) 0.5 2 4 8 0.5 >8/152 >16 32 >16 5 

43 
IMRL 118 Jan 2015 2 (S) 4 (R) 32 (R) 0.5 4 4 8 >8 4/76 16 16 >16 5 

IMRL 092 Feb 2016 1 (S) 2 (I) 16 (I) ≤ 0.25 4 1 4 2 4/76 8 8 >16 2.5 

48 
IMRL 102 Feb 2016 4 (S) 4 (R) 64 (R) 1 4 8 16 8 >8/152 >16 32 >16 5 

IMRL 125 Nov 2016 1 (S) 2 (I) 32 (R) 0.5 2 4 8 4 4/76 8 32 >16 5 

55 
IMRL 072 Nov 2016 2 (S) 4 (R) 32 (R) 0.5 8 8 8 >8 2/38 16 16 >16 5 

IMRL 073 Jun 2017 1 (S) 2 (I) 16 (I) ≤ 0.25 4 4 8 4 2/38 16 16 >16 2.5 

60 

IMRL 106 May 2010 2 (S) 4 (R) 32 (R) 0.5 4 4 16 >8 4/76 16 32 >16 10 

IMRL 109 Apr 2011 2 (S) 4 (R) 32 (R) 0.5 8 4 16 >8 8/152 16 32 >16 5 

IMRL 099 Mar 2012 2 (S) 2 (I) 16 (I) ≤ 0.25 4 4 8 4 1/19 16 32 >16 10 

IMRL 079 Nov 2013 1 (S) 2 (I) 8 (S) ≤ 0.25 4 4 8 8 1/19 16 32 >16 2.5 
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5.4 Discussion  

Publications on in vitro susceptibility of M. chimaera to antimicrobial agents that are commonly 

considered for therapy of MAC infections are limited and different methods of susceptibility 

testing of MAC isolates have been used [184,249,251]. Treatment of M. chimaera infection is 

based on treatment guidelines for MAC as a group as there are limited data and clinical experience 

[35,36]. Clarithromycin is the antibiotic of first choice for treatment of MAC infections and this 

study has shown that clarithromycin had very good in vitro activity against M. chimaera. 

Generally, wild type M. chimaera isolates, not previously exposed to antibiotic treatment are 

susceptible to clarithromycin but in some cases isolates from patients who were previously treated 

were reported to have become resistant [252]. Tentative CLSI breakpoints for moxifloxacin and 

linezolid are also available for reporting in cases of clarithromycin resistant MAC strains, and 

moxifloxacin is commonly used as part of a multi-drug regimen for treatment of invasive M. 

chimaera infections associated with open heart surgery [109]. In our study, we observed that there 

was a high proportion of isolates not fully susceptible to moxifloxacin and linezolid which showed 

poor activity against M. chimaera when CLSI breakpoints were applied [175]. In vitro 

susceptibility data may have an influence on whether these are efficacious therapeutic agents. 

 

Rifampicin, or rifabutin, together with ethambutol are often included in the treatment regimen for 

MAC infections to prevent the emergence of clarithromycin resistance, and an injectable 

aminoglycoside such as amikacin may also be included for patients with severe MAC pulmonary 

disease or invasive M. chimaera infections associated with open heart surgery [35,36,109]. 

Similar to the findings of Maurer et al [175], we found that M. chimaera isolates were mostly 

susceptible to amikacin, rifabutin and streptomycin with only up to 2% that were not fully 

susceptible. By contrast, 18% and 11% of M. chimaera isolates were not susceptible to rifampicin 

and ethambutol, respectively. However, in vitro results for rifampicin, rifabutin and ethambutol 

for MAC have not reliably correlated with clinical response and treatment outcomes, and the 

clinical usefulness of testing these agents in M. chimaera is the subject of debate [253]. In vitro 

susceptibility testing for amikacin has recently been found to correlate with positive treatment 

outcomes in cases of MAC respiratory infection and breakpoints have been proposed to CLSI 

[186]. More studies are needed to adequately determine the correlation between MIC data for 

rifampicin, rifabutin and ethambutol with treatment outcomes for M. chimaera infection. 

 

The limitation of in vitro susceptibility testing of M. chimaera and other MAC species is that 

breakpoints for agents that are considered clinically useful for the treatment of MAC infections 

have not been approved by CLSI [178]. PK/PD breakpoints are often used to guide in the 

development of breakpoints and can be a guide to interpretation in situations where there are no 
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species-specific breakpoints [254]. Previously, breakpoints based on PK/PD studies were used to 

determine rifampicin and ethambutol resistance [151,247,250]. These breakpoints were based on 

BACTEC 460 broth macrodilution determinations and the application of these breakpoints for 

AST by broth microdilution may vary and is a limitation of this study [250]. Recent studies on 

drug susceptibility of M. chimaera and other MAC species showed that ECOFF values could not 

be determined for rifampicin and ethambutol due to truncated MIC distributions [175].  

 

Likewise, recent tentative ECOFF values for moxifloxacin and linezolid proposed by Maurer et 

al show that the tentative CLSI breakpoints for moxifloxacin and linezolid should also be re-

evaluated since most M. chimaera isolates were classified as wild-type (susceptible) to 

moxifloxacin and only 2% were non wild-type (resistant) to linezolid [175]. Other antimicrobial 

agents including ciprofloxacin, doxycycline, ethionamide, isoniazid and 

trimethoprim/sulfamethoxazole were also tested. These agents are commonly used to treat slow-

growing mycobacteria including M. kansasii and M. marinum [35]. However, they are not 

commonly considered for use for treatment of MAC infections and breakpoints for these agents 

have not been extensively studied for M. chimaera. Maurer et al also showed that ECOFF values 

for ciprofloxacin, doxycycline, ethionamide, and isoniazid could not be determined due to 

truncations in MIC distributions [175]. This work also showed that MIC distributions were 

truncated at the upper concentration end for these agents and would need to be tested at a higher 

concentration to overcome this limitation.  

 

A limitation of this work was the relatively small number of M. chimaera isolates tested, 

particularly from OHS and environmental HCU sources. The MIC distributions showed that 

respiratory M. chimaera isolates appear to have a higher rate of resistance to moxifloxacin 

(38/61), linezolid (26/61), rifampicin (8/61) and ethambutol (9/61) when compared to isolates 

relating to OHS. Likewise, M. chimaera isolates from environmental HCU water appear to have 

a high rate of resistance for moxifloxacin (6/11), linezolid (6/11) and rifampicin (7/11). 

Antimicrobial susceptibility of more M. chimaera isolates is required to determine whether the 

rates of resistance amongst M. chimaera reported here are a valid observation. 

 

Environmental M. chimaera isolates were recovered from water samples taken from HCU’s as 

part of the national incident investigation in Ireland [110]. AST of environmental M. chimaera 

isolates recovered from HCU is important as whole genome sequencing studies have linked the 

majority of invasive M. chimaera infections to strains recovered from contaminated HCU devices 

globally [101]. Treatment of invasive M. chimaera infections associated with OHS has been 

challenging [57,109,129,255]. Like other NTM species, M. chimaera appears to be an effective 

biofilm producer [134]. Further research is required to investigate the antimicrobial susceptibility 
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of M. chimaera when grown in biofilms as this may lead to better choices of antimicrobial agents 

with improved clinical outcomes. 

 

The changes in MIC of consecutive M. chimaera isolates from patients were also analysed. 

Differences in MIC of more than one dilution for the antimicrobial agent against M. chimaera 

isolates from one case was observed with moxifloxacin, linezolid, rifampicin, amikacin, isoniazid, 

ciprofloxacin and streptomycin. Likewise, M. chimaera isolates from case 2 had differences in 

MIC for linezolid and isolates from patient 3 had differences in MIC for amikacin. These 

differences observed may be influenced by antimicrobial treatment that was commenced amongst 

patients with M. chimaera infection. Likewise, changes in MIC of consecutive isolates from 

respiratory patients was mainly observed in resistant/intermediate isolates of moxifloxacin and 

linezolid. This raises questions regarding the clinical efficacy of these agents for treatment and 

clinical breakpoints for these agents should be re-evaluated. Of note, treatment data of patients 

with M. chimaera isolates was not available, and no correlation could be made for the observed 

increases in MIC for isolates from the same patient. The differences in MIC distributions may 

represent isolates with reduced susceptibility that could be associated with genomic differences 

between isolates and further research is required to explore this since genomic data for M. 

chimaera isolates is available from chapter 3 and chapter 4. Although the broth microdilution 

method is suggested by the CLSI, this method has inherent limitations and may influence the 

differences observed in MIC of consecutive isolates. In a multisite reproducibility study, it was 

noted that, results using 7H9 medium for broth microdilution testing of MAC was more 

reproducible than those that were tested using Mueller Hinton medium [256]. The determination 

of end point reading is also subjective as end point readings were determined by visual inspection 

and variability in MICs when using microdilution may occur [177,256].  

 

Unlike for Mycobacterium tuberculosis, antibiotic resistance mechanisms are not as well studied 

in NTM species [185]. Treatment failure of MAC infection has been associated with 

clarithromycin monotherapy in individual patients whose isolates developed mutations in the 23S 

rRNA gene, also known as rrl [257–259]. Amikacin resistant MAC isolates have also been 

reported and resistance is linked to mutations in the 16S rRNA gene, also known as rrs [186]. A 

commercial molecular assay for determining drug susceptibility to macrolides and 

aminoglycosides has recently been developed for MAC and appears to show good correlation 

with in vitro susceptibility testing results [260]. However, the molecular mechanisms for 

resistance to other antimicrobial agents have not been well defined in MAC and very few reports 

of resistance mechanisms associated with rifampicin and ethambutol resistance have been 

published [191,194]. Further molecular investigation of drug resistance gene targets (rpoB, embB, 

rrs, gyrA, gyrB, 23S rRNA gene) for rifampicin, ethambutol, amikacin, moxifloxacin and 
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linezolid is required to determine the association between phenotypic drug resistance and drug 

resistance mutations within M. chimaera. Further work is needed to compare MIC data of M. 

chimaera isolates and molecular drug resistance results from the GenoType NTM-DR assay in 

order evaluate the performance of this assay for characterizing macrolide and aminoglycoside 

resistance genes in Chapter 2. 

 

In conclusion, treatment of M. chimaera infections is challenging, and optimum treatment 

regimens are not established. However, in vitro antimicrobial susceptibility testing should help 

inform on the choice of antimicrobial agents as part of the overall therapeutic strategy. Further 

research is needed to investigate the correlation of antimicrobial agents with treatment outcomes 

of patients with M. chimaera respiratory and cardiac infections. Further in vitro susceptibility 

testing of M. chimaera to new antimycobacterial agents should also be investigated, and further 

analysis of whole genome sequence data will help explore the diversity of M. chimaera strains 

associated with antimicrobial resistance and their drug resistance gene targets. 
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Chapter 6 

Interaction of THP-1 macrophages with M. chimaera 
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Chapter 6 

6 Interaction of THP-1 differentiated Macrophages with 

Mycobacterium chimaera  

 

6.1 Introduction  

Macrophages play an essential role in the innate immune system by recognising pathogens via 

pathogen recognition receptors (PRR), ingesting and degrading invading pathogens, and initiating 

an inflammatory response [60]. They are also responsible for directing adaptive immune cells and 

resolving inflammation to restore homeostasis. Similar to Mycobacterium tuberculosis, non-

tuberculous mycobacteria (NTM) use macrophages as a tool to spread in the host by manipulating 

PRR’s, cytokine production, reactive oxygen and nitrogen species, phagosome maturation and 

other killing mechanisms such as cell death and autophagy [60]. Macrophage cell death plays an 

important role in the pathogenesis of M. tuberculosis as attenuated strains induce extrinsic 

apoptosis while virulent strains of M. tuberculosis suppress this host response [261], causing 

necrosis instead and allowing them to escape from infected macrophages [262]. Macrophage 

apoptosis is thought to reduce M. tuberculosis dissemination and, in addition, stimulate a better 

cytotoxic CD8+ T cell response [263]. However, the mechanisms of how the immune system 

responds to NTM infection is an understudied area when compared to the virulent pathogen M. 

tuberculosis. 

 

Much of our understanding of the host’s immune response to Mycobacterium species belonging 

to the MAC has come from M. avium and the immunological response to M. chimaera has not 

been investigated [264–266]. Studies have shown that MAC has evolved strategies to overcome 

host killing by surviving in apoptotic macrophages, escaping dying cells and infecting adjacent 

cells [68]. It has been proposed that MAC is phagocytosed by macrophages and some bacteria are 

killed upon apoptosis, however some bacteria are capable of escaping apoptotic bodies and escape 

to the extracellular space where they become phagocytosed by another macrophage [68]. It is 

unclear whether MAC induces apoptosis to kill the host cell as a virulence mechanism or if 

macrophages try to eliminate the pathogen by apoptosis as a defence mechanism.  

 

M. chimaera is often found colonising the lung and, in some cases, causes serious infections 

primarily in immunosuppressed patients and in those underlying structural lung disease 

[79,99,267]. More recently M. chimaera has been reported to cause invasive cardiovascular 

infections associated with open heart surgery and can occur in patients with and without 
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immunosuppression [109]. It has been suggested that MAC can live and replicate within host 

macrophages. In this study, it was hypothesised that M. chimaera may induce cell death allowing 

it to spread and cause infection and some strains of M. chimaera may be more virulent than others.  

 

Infection of human acute monocytic leukaemia THP-1 cells and infection of human monocyte 

derived macrophages are widely used models which mimic macrophage and pathogen 

interactions. Cardiac macrophages are abundant in the heart, in which THP-1 cells could be used 

as a model [268].With the use of these models it has been shown that THP-1 cells infected with 

M. tuberculosis trigger a cascade of proinflammatory cytokines and chemokines which in turn 

upregulate the host’s defence mechanism [269]. The goal of this work was to carry out a 

preliminary study to investigate the host-pathogen interaction of M. chimaera with THP-1 

macrophages. The aims were: 

 

• to investigate whether M. chimaera induces cell death of THP-1 macrophages.  

• to compare the levels of THP-1 cell death induced by clinical respiratory and open heart 

surgery associated M. chimaera strains (previously characterised by whole genome 

sequencing in chapter 3 and 4). 

• to gain insight into the proinflammatory cytokine pattern induced by M. chimaera. 
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6.2 Materials and Methods 

6.2.1 Cell Culture and Differentiation of THP-1 Cells  

THP-1 cells are an acute monocytic leukaemia cell line and were obtained from the American 

Type Culture Collection (ATCC). THP-1 cells were provided by the TB Immunology Research 

Group, Trinity College Dublin. A frozen aliquot of 1 ml THP-1 cells was defrosted and 

resuspended in 19 ml RPMI-1640 and 10% Foetal Bovine Serum (FBS). The cells were incubated 

at 37°C in 5% CO2 and cultured for at least 2 weeks before they were used for differentiation. 

THP-1 cell were passaged twice a week by removing 1cml of cells and resuspended in 19 ml 

RPMI-1640 and 10% FBS. THP-1 cells were differentiated into macrophages using phorbol 

myristate acetate (PMA) for 3 to 4 days prior to each infection experiment. Preparation of cells 

was performed by centrifuging 15 to 20 ml of THP-1 cell culture at 290 g for 10 min. The 

supernatant was removed and resuspended in 5 ml RPMI-1640 culture medium and 10% FBS. A 

cell count was performed using a haemocytometer to determine the total cells/ml and the cells 

were seeded at 1x105 cells/ml on a Nunc™ cell culture treated 48 well plate in the presence of 

100nM PMA (Thermo Fisher Scientific, United States). For all experiments involving 

Mycobacterium strains, cells were also simultaneously plated on 8-well Nunc™ Lab-Tek 

Chamber Slide (Fisher Scientific, United States) at the same density to allow the multiplicity of 

infection (MOI) to be determined. Cells were incubated for 3 to 4 days at 37°C and 5% CO2, after 

which non-adherent cells were removed by washing with phosphate buffer saline (PBS) and fresh 

culture medium without PMA was added prior to each infection experiment. 

 

6.2.2 Culture and Preparation of Mycobacterium cultures 

M. chimaera strains used in this study were obtained on an anonymised basis from the IMRL, in 

St. James’s hospital that were previously identified by 16S rRNA and ITS sequencing in Chapter 

2, section 2.2.7 to 2.2.10. The strains used in this study were M. chimaera DSM44623, a clinical 

strain associated with open heart surgery (characterised as subgroup strain 1.1) and a clinical 

respiratory strain (characterised as subgroup strain 2.ungrouped). M. chimaera DSM44623 was 

first described by Tortoli et al and was obtained from the German Collection of Microorganisms 

and Cell Culture and is referred as the ‘reference strain’ [70]. An attenuated strain of M. 

tuberculosis known as H37Ra was obtained from the American Type Culture Collection (ATCC 

25177). This strain was kindly provided by the TB Immunology Research Group, Trinity College 

Dublin. All strains were cultured to stationary phase in 10 ml Middlebrook 7H9 broth, 

supplemented with albumin-dextrose-catalase (ADC) (Becton Dickinson, United States) in 37°C 

and 5% CO2. All work was performed in a biological safety cabinet in a containment level 2 

laboratory in the TB immunology research laboratory, Trinity College Dublin.  
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Infection of macrophages was performed using heat-inactivated or viable M. chimaera strains. M. 

chimaera was heat-inactivated by submerging the tubes containing the isolates in a 1.5 ml aliquot 

in a water bath at 95 °C for 30 minutes All Mycobacterium cultures were prepared by centrifuging 

at 3800 rpm for 10 mins and the pellet was resuspended in RMPI-1640 culture medium. A single 

cell suspension of mycobacteria was obtained by aspirating through a 25-gauge needle 6 to 8 

times and remaining clumps were removed by centrifuging at 800 rpm for 3 minutes. The 

supernatant was transferred to a fresh tube and used for infection of macrophages. 

 

6.2.3 Determination of Multiplicity of Infection  

Variation in cell numbers of Mycobacterium cultures was inevitable as they were prepared on 

each day for each infection. Furthermore, inherent variation in phagocytic function can lead to 

substantial differences in uptake between Mycobacterium strains and THP-1 macrophage cells. 

In order to control for variation in mycobacterial culture concentration and THP-1 macrophage 

cell phagocytic ability, the Multiplicity of Infection (MOI), ie., the number of intracellular bacilli 

per cell, was determined for each culture prior to each infection. When preparing and plating 

macrophages for experimentation, macrophages were simultaneously plated on 8-well Nunc™ 

Lab-Tek Chamber Slide (Sigma-Aldrich, United States) at the same density (1x105 cells/ml). For 

each infection experiment, fresh media was applied to Labtek wells and different volumes of 

prepared Mycobacterium cultures were added to each well (eg. 2 µl, 8 µl, 16 µl, 40 µl, 60 µl). 

Cells were incubated for 3 hours at 37°C in 5% CO2.  

 

Three hours post-infection, the RPMI-1640 culture media was removed, and THP-1 cells were 

washed three times with PBS to remove extracellular bacilli. The cells were fixed using 2% 

paraformaldehyde (PFA) for 10 min. PFA was removed and cells washed twice with PBS prior 

to staining. An Auramine O Stain Kit (Scientific Device Laboratory, United States) was used to 

stain acid-fast bacilli (AFB). The slides were first stained with Auramine O for 1 minute, followed 

by washing with water, and staining with a decolouriser for 1 minute. The slides were washed 

again with water and stained with Hoechst 33358 (Sigma-Aldrich, United States) for 10 minutes 

to stain the cell nuclei. All staining steps were performed in darkness. Dako fluorescent 

embedding medium (Dako, Denmark) was applied to the slides with a cover slip and the slides 

observed using an inverted fluorescent microscope (Olympus IX51). The ratio of bacilli to cells 

(i.e. nuclei), the percentage of infected cells, and the number of bacilli per cell was counted in 5 

fields for each unique well, and the MOI was expressed as the range of number of bacilli per cell 

(e.g. MOI 1 – 4 bacilli/cell, MOI 5 – 15 bacilli/cell and MOI 15+ bacilli/cell). From this, the 

appropriate volume of prepared mycobacteria required to achieve the desired MOI was calculated 



178 

with reference to the surface area of wells on plates relevant to the surface area of wells on the 

Labtek. A “Low MOI” refers to an MOI of 1 – 4 bacilli/cell and “High MOI” refers to an MOI of 

5 – 15 bacilli/cell or an MOI of 15+ bacilli/cell.  

 

6.2.4 Mycobacterium Infection of THP-1 Macrophages 

Having determined the appropriate volume required to achieve the desired MOI, the required 

volume of Mycobacterium culture was added to the macrophage cells on the plate. The plate was 

incubated at 37°C and 5% CO2 for 3 hours to allow the mycobacteria to become phagocytosed. 

Following the incubation period, the medium was gently mixed by pipetting and the macrophage 

cells were washed 3 times to remove extracellular bacilli that had not been phagocytosed. 

Following this, fresh RPMI-1640 culture medium containing 10% FBS was added and incubated 

at 37°C in 5% CO2 for 1, 2, 3, 5 or 7 days (ie. 24, 48, 72, 120 and 168 hrs). For each infection 

experiment, uninfected THP-1 cells were included, and THP-1 cells treated with cycloheximide 

(50 µg/ml) were included as a positive control for induced cell death. 

 

6.2.5 Macrophage Functional Analyses 

6.2.5.1 Quantification of Cell Viability  

For analysis of cells infected with M. chimaera or M. tuberculosis H37Ra, the cells were stained 

with a mixture of 50 µg/ml Propidium Iodide (PI), 200 µg/ml Hoechst 33342 and 500 µg/ml 

Hoechst 33258. Analysis of cell death was imaged using the Cytell Cell Imaging System (GE 

Healthcare Lifescience, United Kingdom), where the total cell numbers were detected via Hoechst 

staining of nuclei, and the dead cells were identified via positivity for PI staining. 5-10 fields of 

view per well were acquired. A summary of the workflow is shown in Figure 43.  

 

6.2.5.2 Assessment of Secreted Cytokines 

A Meso Scale Discovery® (MSD) human pro-inflammatory 4 spot assay was performed using 

the supernatants from THP-1 derived macrophages treated with M. chimaera DSM 44623 (MOI 

1 - 4, MOI 5 - 15, MOI 15+) at day 3, day 5 and day 7 to investigate the cytokines secreted upon 

infection. The supernatants from uninfected THP-1 cells were used as a negative control. The 

MSD tissue culture kit comprises of a 96-well MULTI-SPOT® plate, where each spot on the 

bottom of the wells is coated with antibodies specific to the cytokines selected. Following addition 

of samples and standards to each well, cytokine levels were determined by measuring 

electrochemiluminescent light intensity after labelling with the detection antibody, MSD SUFLO-

TAG™ Reagent. Plates were read on the MESO Quickplex Imager SQ120 and results were 
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analysed using DISCOVERY WORKBENCH assay analysis software (MSD). The four human 

pro-inflammatory cytokines investigated in this assay were IL-1β, IFN-ɣ, IL-6, and TNF-α. 

 

6.2.6 Statistical Analysis 

Statistical analysis of results was carried out using Graph Pad Prism software, version 5.01. 

Statistical analysis using the Two-way Analysis of Variance (ANOVA) and Bonferroni post-test 

was carried out on cell viability experiments and cytokine data. P-values of <0.05 were considered 

statistically significant. 

 

 

 

 

 

 

Figure 43: Summary of workflow for determining cell death of THP-1 macrophages 

infection with Mycobacterium strains 

THP-1 cells were differentiated to macrophages using phorbal myristate acetate in 3 to 4 days. 

THP-1 macrophages were then infected using an MOI of 1-4, 5-15 and 15+ of M. chimaera or M. 

tuberculosis H37Ra. THP-1 cells were stained and cell death was measured using the Cytell cell 

imaging system. 
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6.3 Results  

6.3.1 Determination of MOI using viable versus heat-inactivated M. chimaera 

To determine the MOI, THP-1 differentiated macrophages were infected with either viable or 

heat-killed M. chimaera reference strain. Heat-inactivated M. chimaera bacilli were phagocytosed 

by THP-1 differentiated macrophages but staining of the bacilli was insufficient to determine the 

MOI for counting the number of bacilli within each macrophage. Dilution of the auramine stain 

and decolouriser resulted in improved staining as some bacilli were brightly stained as shown in 

Figure 44. Viable M. chimaera and M. tuberculosis H37Ra were used to infect THP-1 

macrophages and all bacilli were stained sufficiently with auramine as shown in Figure 45. 

Further cell viability experiments were therefore performed with viable M. chimaera strains as 

heat-killed M. chimaera was not appropriate for determining an accurate MOI.  

 

 

 

 

Figure 44: MOI determined using heat inactivated M. chimaera 

This figure shows THP-1 differentiated macrophages observed using 100x magnification. 

A).THP-1 differentiated macrophages infected with heat-inactivated M. chimaera showed 

insufficient staining with standard concentration of auramine/decolouriser. B).THP-1 

macrophages infected with M. chimaera showed improved staining with a few bacilli brightly 

stained with diluted auramine/decolouriser. 
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Figure 45: MOI determined using viable Mycobacteria 

This figure shows THP-1 differentiated macrophages observed using 100x magnification. 

A).THP-1 macrophages infected with viable M. chimaera DSM44623 showed sufficient staining 

and represents an MOI of 1-4. B). THP-1 cells infected with viable M. tuberculosis H37Ra. 
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6.3.2 Comparison of THP-1 Cell Viability after infection with M. chimaera 

DSM44623 and M. tuberculosis strain H37Ra 

To determine if viable M. chimaera induces cell death, the cell viability of THP-1 macrophages 

was analysed after infection with M. chimaera DSM44623 after 48 hrs, and M. tuberculosis 

H37Ra was also included as a comparator. THP-1 cell viability was assessed using propidium 

iodide (PI) and Hoechst. PI stains dead nuclei, whereas Hoechst stains all cells. Figure 46 shows 

the comparison of THP-1 cell viability when infected with M. chimaera or M. tuberculosis H37Ra 

after 48 hrs of infection. There was a low level of cell death (approx. 20% PI positive cells) when 

THP-1 cells were infected with M. chimaera and by contrast, H37Ra induced a higher level of 

cell death (approx. 43% PI positive cells) after 48 hours when cells were infected with a low MOI 

(ie. MOI 1-4). When the cells were infected with a higher MOI of M. chimaera (ie. MOI 5-15 and 

MOI 15+), the percentage of PI positive cells was approximately 25%. When cells were infected 

with a higher MOI of H37Ra, the percentage of cell death increased in a dose-dependent manner. 

Cells infected with a higher MOI (ie. MOI 5-15) of M. tuberculosis H37Ra had approx. 49% of 

PI positive cells and when cells were infected with a MOI of 15+ M. tuberculosis H37Ra, there 

was approx. 68% of PI positive cells. Uninfected cells had 14% PI positivity and the positive 

control cells infected with cycloheximide had 70% PI positivity after 48hrs. A two-way ANOVA 

statistical test showed that the there was a statistically significant difference between the levels of 

cell death induced by M. chimaera and H37Ra (**p<0.01 and ***p<0.001). (See Figure 46). 

THP-1 cell morphology differences were observed between those infected with M. chimaera and 

M. tuberculosis H37Ra as presented in Figure 47. 
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Figure 46: THP-1 cell viability after 48hrs post-infection with viable M. chimaera 

DSM44623 or M. tuberculosis H37Ra  

THP-1 cells infected with a low and high MOI of M. chimaera DSM44623 had approximately 20 

% to 30% cell death after 48 hrs. In comparison, THP-1 macrophages infected with M. 

tuberculosis H37Ra had 40% to 60% cell death. Uninfected cells had less than 20% PI positivity 

and cells treated with cycloheximide (Pos Control) had 70% PI positivity. There was a statistically 

significant difference in cell death (PI positivity) induced by M. chimaera DSM44623 and M. 

tuberculosis H37Ra (**p<0.01 and ***p<0.001). This experiment was performed in triplicate and 

was repeated on two separate occasions. 
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Figure 47: Infection of THP-1 macrophages with M. chimaera DSM44623 or M. tuberculosis 

H37Ra 

This figure shows bright field images of THP-1 differentiated macrophages observed under 20x 

magnification. THP-1 macrophages were infected with M. chimaera DSM 44623 or M. 

tuberculosis H37Ra for 48 hrs to investigate cell viability. A) Represents uninfected THP-1 

macrophages. B) Represents THP-1 macrophages treated with cycloheximide (positive control). 

C) Represents THP-1 macrophages infected with M. chimaera DSM 44623. D) Represents THP-

1 macrophages infected with M. tuberculosis H37Ra. 
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6.3.3 Optimisation of cell viability assay for M. chimaera (Time Course 

Experiment) 

The cell viability experiment was optimised to find the optimal incubation period to compare cells 

infected with different clinical M. chimaera strains. THP-1 cell viability was investigated at 72 

hrs, 120 hrs and 168hrs (ie. 3, 5 and 7 days) post-infection as shown in Figure 48. THP-1 cells 

infected with M. chimaera for 72 hrs showed a low increase in the percentage of PI positive cells 

ranging from 24% to 28% when they were infected with a low and high MOI respectively. In 

comparison, THP-1 cells infected with M. chimaera for 120 hrs days showed that there was an 

increase in the percentage of PI positive cells ranging from 28% to 43% when infected with a low 

and high MOI respectively. THP-1 cells infected with M. chimaera for 168 hrs days showed a 

lower percentage of cell death ranging from 26% to 36%. By contrast, THP-1 cells infected with 

H37Ra showed a high percentage of cell death with 100% PI positivity at 168 hrs days. Likewise, 

uninfected cells had 27% to 28% of PI positive cells while cells infected with cycloheximide 

(positive control) had 54% to 100% of PI positive cells. Following this experiment, comparison 

of cell viability between M. chimaera clinical strains was performed after 120hrs of incubation.  
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Figure 48: Time Course Experiment of THP-1 cells infected with M. chimaera DSM44623 

and M. tuberculosis H37Ra 

Cell viability of THP-1 cells was measured at 72 hr, 120 hr and 168 hr after infection with M. 

chimaera DSM44623 and M. tuberculosis H37Ra. THP-1 cells infected with a low and high MOI 

of M. chimaera DSM44623 showed an increase in cell death at 120 hrs and plateaued by 168 hr. 

By contrast, THP-1 cells infected with M. tuberculosis H37Ra showed an increase in cell death 

at 120 hr and 168 hr. This experiment was performed in triplicate and was repeated on one 

separate occasion. 
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6.3.4 Comparison of THP-1 cell viability between clinical M. chimaera strains 

Two clinical strains of M. chimaera were previously characterised as subgroup 1.1 (open heart 

surgery related strain) and 2.ungrouped (respiratory strain) using whole genome sequencing in 

Chapter 3 and 4). THP-1 cells infected with clinical M. chimaera strains were compared with the 

M. chimaera DSM44623 (reference strain) to investigate the differences in cell viability at 120 

hrs (ie. day 5), as shown in Figure 49. Uninfected THP-1 cells had 22% of PI positive cells and 

cells treated with cycloheximide (positive control) had 66% of PI positive cells. THP-1 cells 

infected with a low MOI showed that there was an increase in the percentage of PI positive cells 

between the M. chimaera reference strain (22% PI positive cells) and the cardiac strain (32% PI 

positive cells). Statistical analysis showed that the increase in PI positivity was statistically 

significant (*P<0.05 and **P<0.01). Likewise, there was an increase in the percentage of PI 

positive cells when cells were infected with a low MOI of the M. chimaera strain 2.ungrouped 

(37% PI positive cells). Statistical analysis showed that the increase in PI positivity between the 

reference strain and the strain 2.ungrouped was statistically significant (*P < 0.05). By contrast, 

there was no significant difference in the PI positivity observed in THP-1 cells infected with a 

MOI of 5 – 15 M. chimaera. THP-1 cells infected with a higher MOI (15+) of the reference strain 

showed 52% were PI positive and THP-1 cells infected with subgroup strain 1.1 showed 61% 

were PI positive cells. Statistical analysis showed that the difference in PI positivity in THP-1 

cells infected with a high MOI (15+) of M. chimaera subgroup strain 1.1 was also statistically 

significant when compared to the M. chimaera reference strain (*P <0.05). 
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Figure 49: THP-1 Cell death at 120hrs post infection with different M. chimaera strains 

M. chimaera subgroup strain 1.1 (open heart surgery related) induced significantly more cell death 

than the M. chimaera reference strain when THP-1 macrophages were infected with a low MOI 

of 1-4. M. chimaera strain 2.ungrouped (respiratory strain) induced significantly more cell death 

when compared to M. chimaera reference strain when THP-1 macrophages were challenged with 

a low of 1-4 and high MOI of 15+. This experiment was performed in triplicate and was repeated 

on two separate occasions. *p<0.05 and **p<0.01. THP-1 macrophages were treated with 

cycloheximide (50 μg/ml) as a positive (+ve) control.
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6.3.5 Cytokine activity of THP-1 cells after infection with M. chimaera 

DSM44623  

Pro-inflammatory cytokines (IFN-γ, IL-1β, IL-6 and TNF-α) were measured by multiplex ELISA 

in the supernatants of THP-1 derived macrophages 72 hrs, 120 hrs and 168 hrs post-infection with 

M. chimaera DSM44623 at different MOI as shown in Figure 50. In parallel, cytokine secretion 

was also measured in uninfected cells at 72 hrs, 120 hrs and 168 hrs. In uninfected cells IFN-γ, 

IL-6 and TNF-α were below the level of detection of the assay and low levels of IL-1β were 

detected (between 3.1 to 10.9 pg/ml). IFN-γ was detected at 72hrs, 120hrs and 168 hrs post 

infection, however statistically significant amounts of IFN-γ were detected mainly in cells 

infected with the higher MOI of 5-10 and 15+ mycobacteria per cell. Secretion of IFN-γ in cells 

infected with a low MOI (1-4) at 72 hr and 120 hrs was not significantly different from that of 

uninfected cells, however, statistically significant amounts of IFN-γ were detected in supernatants 

of cells infected with the low MOI at 168 hrs. Similar levels of IL-1β were detected at 72hr, 

120hrs and 168hrs post infection with M. chimaera and were significantly higher than that of 

uninfected cells. In contrast, secretion of IL-6 increased in a dose- and time-dependent manner 

with M. chimaera infection. Statistically significant amounts of IL-6 were detected in 

supernatants of cells infected with the higher MOI at 120hr and 168 hr only. TNF-α was also 

detected in THP-1 cells at 72hr, 120hr and 168 hr post infection, peaking at 72h. Significant 

amounts of TNF-α were detected in supernatants of cells infected with a high MOI at 72hr and 

168 hr only. Secretion of TNF-α was not significantly higher than that of uninfected cells at 120hr 

or at any time point in cells infected with a low MOI.
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Figure 50: Cytokine production of THP-1 Macrophages infected with M. chimaera DSM44623 

THP-1 macrophages were infected with M. chimaera DSM 44623 using either a MOI of 1-4 (black bars), MOI of 5-15 (grey bars) or MOI of 15+ (white 

bars). Cytokine production was measured at 72 hr, 120 hr and 168 hr after infection. The pro-inflammatory cytokines IFN-γ, IL-1β, IL-6 and TNF-α were 

analysed in triplicate. A two-way ANOVA and Bonferroni post test was carried out and significant differences were determined by comparing cytokine 

levels with infected versus uninfected THP-1 cells. ns= no significance, *p<0.05 ** p<0.001 and ***P<0.0001. This experiment was performed in 

triplicate on one occasion.
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6.4 Discussion  

Cell death mechanisms such as apoptosis are an effective innate immune mechanism for 

controlling the progression of infection when macrophages are infected with Mycobacterium 

species belonging to the MAC, in comparison to virulent strains of M. tuberculosis [270]. 

However, it has been reported that M. avium can survive the apoptotic process and then escape 

apoptotic macrophages [68]. The aim of this work was to characterise the immune response of 

THP-1 macrophages induced by M. chimaera in terms of cell viability and cytokine production. 

THP-1 cells are an acute leukemic cell line that have been used widely to study macrophage 

response, functions and mechanisms as variations in experiments are minimised due to the 

homogeneous genetic background of cell lines [268,271]. By contrast, high variation is often seen 

in peripheral blood mononuclear cell derived-monocytes and macrophages from different donors 

[271].  

 

Investigation was required to determine whether viable or heat-inactivated M. chimaera was more 

suitable for infection of THP-1 macrophages and a time-course experiment was performed to 

optimise the time for comparing cell death induced by different strains of M. chimaera. Our results 

showed that infecting THP-1 macrophages with viable M. chimaera was more suitable for 

determining the MOI (ie. the number of bacilli per cell) since experiments with heat-inactivated 

M. chimaera showed insufficient acid fast staining to determine the MOI accurately. The 

determination of the number of bacilli per cell was important in order to account for the inherent 

variation in phagocytic function that can lead to substantial differences in uptake of 

Mycobacterium strains, and in addition, to control mycobacterial culture concentration.  

 

In this study, THP-1 cell viability experiments were performed in triplicate to account for 

technical variation and the experiment was repeated on one or more seperate occasions for 

biological comparison. THP-1 cells were infected with viable M. chimaera and the percentage of 

cell death induced was significantly lower in comparison to H37Ra at 48hrs. Previous studies 

showed that M. tuberculosis H37Ra induced more apoptosis in comparison to the virulent M. 

tuberculosis H37Rv [270]. Likewise, previous studies showed that an avirulent strain of 

Mycobacterium bovis induces high levels of apoptosis in THP-1 cells, while virulent strains do 

not, and the bacilli can survive intracellularly [272]. Following the comparison of cell death 

between M. chimaera DSM44623 and M. tuberculosis H37Ra, it was further hypothesised that 

M. chimaera might induce cell death after 48 hrs as previous studies have shown that apoptosis 

was seen in macrophages infected with M. avium at 3 to 7 days after infection as an innate defence 

mechanism to control the progression of infection [68,270]. A time course experiment of THP-1 

macrophage cell death was analysed post-infection with M. chimaera at 72hr, 120 hr and 128 hrs. 



192 

Our results showed that macrophages infected with M. chimaera peaked at 120 hr. This suggests 

that M. chimaera induces a low level of cell death in comparison to M. tuberculosis, especially 

during early infection. It is hypothesised that macrophages may be better at controlling the 

intracellular growth of M. chimaera in comparison to M. tuberculosis which appears to cause 

necrosis rather than apoptosis. Alternatively, M. chimaera could be inhibiting cell death to allow 

it to replicate intracellularly and escape the macrophage to infect other cells. Further studies are 

needed to elucidate the cell death mechanism and to investigate intracellular survival of the bacilli.  

 

Following the cell viability time-course experiment, the comparison of cell death induced by 

clinical M. chimaera strains was investigated. THP-1 macrophages were infected with a M. 

chimaera strain known as subgroup 1.1 [101], which has been associated with a cardiovascular 

infection and M. chimaera strain 2.ungrouped of respiratory origin (which were previously 

characterised in Chapter’s 3 and 4). M. chimaera strain subgroup 1.1 induced a higher percentage 

of THP-1 cell death in comparison to the M. chimaera reference strain and this result was 

statistically significant when THP-1 cells were infected with a low MOI. Likewise, M. chimaera 

strain 2.ungrouped induced a higher percentage of THP-1 cell death in comparison to them M. 

chimaera reference strain and M. chimaera subgroup 1.1. This result was statistically significant 

when THP-1 cells were infected with both a low and high MOI. Both M. chimaera strain subgroup 

1.1 and M. chimaera strain 2.ungrouped induced more cell death in comparison to the M. 

chimaera reference strain. This suggests that the cardiac and respiratory strain may differ in their 

virulence potential and different host defence mechanisms may be induced by different strains. 

Further investigation is required to investigate the mechanism of cell death induced by different 

strains of M. chimaera. 

 

Following the interaction of macrophages and bacterial pathogens, macrophages initiate an 

inflammatory response by secreting cytokines and chemokines to control the infection [273]. 

TNF-α and IFN-γ are important proinflammatory cytokines for activation of macrophages upon 

M. tuberculosis infection [274]. In this study, cytokine activity of infected THP-1 cells was 

measured in three replicates on one occasion to account for technical variation and the experiment 

should be repeated on a separate occasion for biological comparison. Cytokine production was 

analysed for the M. chimaera reference strain at 72 hr, 120 hr, and 168 hr. TNF-α and IFN-γ were 

induced after 72 hr and this suggests the importance of these cytokines in the control of M. 

chimaera infection. After 120 hrs of infection, the production of TNF-α decreased and the levels 

produced was not statistically significant in comparison to those produced by uninfected THP-1 

cells. The decrease in production of TNF- α may suggest that M. chimaera can inhibit the 

production of TNF- α and can proliferate within macrophages. By contrast, previous studies 

showed that cytokine gene expression of TNF-α and IFN-γ in tissues of mice infected with M. 
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colombiense were stable and present throughout the course of infection, while M. avium induced 

low levels of TNF-α and IFN-γ during early infection [265]. A previous study showed that TNF-

α can inhibit intracellular growth of M. avium [275]. Another study showed that M. avium-induced 

apoptosis can be inhibited by treatment with anti-TNF-α antibody, indicating that the survival of 

M. avium is partially dependent on TNF- α [276].  

 

IL-1β is an important cytokine for host immune defence against M. tuberculosis infection, since 

IL-1β knockout mice were shown to be more susceptible to M. tuberculosis infection [277]. IL-

1β facilitates the recruitment of other innate immune cells to the site of infection as it induces the 

production of IL-1 and mediates proliferation, cellular differentiation and apoptosis. Our results 

show that the high levels of IL-1β produced by THP-1 macrophages infected with M. chimaera 

after 72 hr, 120 hr and 168 hr were statistically significant in comparison to uninfected THP-1 

macrophages. This suggests that IL-1β may be important in the control of the infection during 

early and later phases of infection. Previous studies also showed that virulent M. tuberculosis 

H37Rv inhibits IL-1β production and NTM strains including M. smegmatis, M. fortuitum and M. 

kansasii induce IL-1β production via IFN-β and AIM2 inflammasome activation [278,279].  

 

IL-6 is a multifunctional cytokine with major roles in the immune system. First, IL-6 initiates an 

early proinflammatory response in conjunction with TNF-α and IL-1β [280]. It is also responsible 

for promotion of T-cell and B-cell responses that are part of the adaptive immune system [280]. 

Significant amounts of IL-6 were secreted by THP-1 macrophages that were infected with a high 

MOI of M. chimaera after 120 hr and secretion peaked at 168 hr. Non-significant amounts of IL-

6 was produced when macrophages were infected with a low and high MOI of M. chimaera after 

72 hr. This suggests that IL-6 is important for controlling M. chimaera infection. Previous 

investigation by Michelini-Norris et al suggested that virulent strains of M. avium may be able to 

escape the host defence mechanism by failing to induce IL-1 and IL-6 [281]. Our results also 

suggest that M. chimaera may be capable of escaping the hosts defence mechanism at a low 

infectious dose since there was no significant difference in the amounts of IL-6 produced when 

THP-1 cells infected with a low MOI compared to uninfected cells.  

 

In conclusion, this work represents the first attempt to investigate the host immune response to 

M. chimaera infection. M. chimaera does not appear to induce high levels of macrophage cell 

death compared to M. tuberculosis H37Ra and the host defence mechanism appears to vary in 

response to different doses of M. chimaera, as evidenced by the cytokine analysis. Further 

research is needed to elucidate the molecular cell death mechanisms induced by M. chimaera 

strains, cytokine release and to investigate whether M. chimaera proliferates within macrophages. 
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A comparison of intracellular growth rates and cytokine release would also provide a better insight 

into the virulence potential of different M. chimaera strains. 
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Chapter 7 

7 General Discussion  

 

Since the emergence of M. chimaera as a cause of invasive cardiovascular infections, several 

studies have been conducted internationally to investigate the molecular epidemiology of M. 

chimaera isolates associated with these infections. The overall aim of this project was to gain 

greater insight into the identification, epidemiology, antibiotic susceptibility and virulence of M. 

chimaera isolates. Over the course of this study, it became clear that M. chimaera is an important 

emerging human pathogen in Ireland and can cause both respiratory and invasive cardiovascular 

infections on rare occasions. M. chimaera is an understudied pathogen which is evident by the 

limited number of published reports to date, but it has become increasingly important since 2015 

as demonstrated by recent publications [282]. To our knowledge, this work represents the first 

study to identify and characterise clinical and environmental M. chimaera isolates in Ireland.  

 

7.1 Identification of M. chimaera isolates 

There is increasing evidence that different NTM species and subspecies have different 

epidemiology’s and different clinical presentations. M. chimaera is recognised as a separate 

species belonging to the MAC and was mainly associated with respiratory infections since 2004 

[70,79,99,100]. More recently, cases of invasive M. chimaera cardiovascular infections 

associated with open heart surgery (OHS) were linked to contaminated HCU’s manufactured by 

Sorin/LivaNova , and global awareness of this has been raised by public health authorities 

[107,108]. This has prompted the need for accurate and rapid identification of M. chimaera 

infection due to its delayed recovery from clinical specimens. Prior to the global outbreak of M. 

chimaera cardiovascular infections, routine identification of M. chimaera was not performed in 

the IMRL as the molecular line probe assay, GenoType Mycobacterium CM which is used for 

routine identification of clinically significant NTM cannot differentiate between M. chimaera and 

M. intracellulare. It was realised that M. chimaera had previously been misidentified as M. 

intracellulare by this commercial diagnostic assay in the IMRL [98,107,204]. As a result, the 

prevalence of M. chimaera amongst clinical MAC isolates was unknown. In consequence, a 

retrospective analysis of clinical MAC isolates was performed by sequencing the 16S rRNA gene 

and/or ITS regions and the GenoType NTM-DR assay was evaluated for identification of M. 

chimaera.  
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We found that there was a high prevalence of M. chimaera amongst the collection of MAC 

isolates in the IMRL which had been misidentified by the GenoType Mycobacterium CM assay 

between 2007 and 2016. With the use of 16S rRNA and ITS sequencing, 73/145 (50%) of M. 

intracellulare isolates were re-identified as M. chimaera. 54/145 (37%) were identified as M. 

intracellulare and 18/145 (13%) were identified as other Mycobacterium species belonging to the 

MAC or a mixture of NTM species. 29/29 M. avium isolates were in agreement with their original 

identification using the GenoType Mycobacterium CM assay. The GenoType Mycobacterium 

CM assay misidentified a large proportion of M. chimaera isolates as M. intracellulare and this 

has also been reported in other studies [98,204]. A retrospective study of M. intracellulare isolates 

in Germany showed that 86% of M. chimaera isolates were misidentified [98]. More recently, a 

retrospective study of M. intracellulare isolates in the Belgian Mycobacteria Reference 

Laboratory showed that 63% were identified as M. chimaera [204].  

 

It was interesting to note that other Mycobacterium species belonging to the MAC were also 

identified in my study. These included: M. arosiense, M. buchedurhonense, M. marseillense and 

M. timonense. Misidentification of these MAC species by the GenoType Mycobacterium CM 

assay has resulted in the under-reporting of the species from the IMRL and it is hypothesised that 

this is consistent with other microbiology or mycobacteria reference laboratories as there are few 

published reports about the clinical significance of these species [72,73,82,88]. However, 

differentiation of M. chimaera and M. intracellulare is often a challenge to most laboratories due 

to their close genetic relationship. By contrast, conventional methods are usually reliable for 

identifying M. avium, since it is more distantly related to M. chimaera, as supported by a 

phylogenetic analysis of ITS sequences in our study. Most M. chimaera isolates in this study had 

been recovered from respiratory specimens and this is consistent with other findings which show 

that NTM species are rarely recovered from non-pulmonary specimens [19]. Based on a 

retrospective study by Boyle et al of MAC pulmonary specimens, it was found that according to 

the ATS guidelines patients with M. avium and M. intracellulare were most likely to have 

respiratory infection, when compared to those with M. chimaera [198]. Similarly, only 3.3% of 

patients were identified to have mycobacterial lung disease caused by M. chimaera in a study by 

Schweickert et al [98]. By contrast, 38% of M. chimaera isolates were clinically significant 

according to the ATS guidelines in another study [204]. Therefore, it is likely that MAC species 

have varying levels of virulence and differentiating them to species level will help estimate the 

clinical significance of M. chimaera recovered from respiratory specimens.  

 

Because of the global outbreak of M. chimaera infections complicating OHS, efforts were made 

to develop new commercial diagnostic assays for identifying species belonging to the MAC, 

including M. chimaera. A line probe assay ‘GenoType NTM-DR’ that is intended for 
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differentiating between M. chimaera, M. intracellulare and M. avium was evaluated for routine 

use in the IMRL. This assay is based on reverse hybridization of a PCR product to a nitrocellulose 

strip containing immobilised probes which are specific for species belonging to the MAC. Our 

findings show that the GenoType NTM-DR assay allows for rapid and specific detection of M. 

chimaera isolates and is in good agreement with 16S rRNA and ITS sequencing. Despite some of 

the limitations of this assay, it allows M. chimaera to be distinguished from M. intracellulare with 

100% sensitivity and specificity. The GenoType NTM-DR assay correctly identified all 79 M. 

chimaera, 49 M. intracellulare and 29 M. avium isolates, and this was in 100% agreement with 

16S rRNA and ITS sequencing results. Misidentification of isolates occurred with 2 M. arosiense 

strains, 3 M. timonense strains, 5 M. bouchedurhonense strains and 6 M. marseillense strains 

which were previously identified by ITS sequencing. Although the GenoType NTM-DR assay 

does not contain specific probes for these uncommon species, the banding patterns identified them 

as M. intracellulare. Likewise, M. chimaera DSM 44623 was correctly identified with the 

GenoType NTM-DR assay. A limitation of this commercial assay is that when it identifies M. 

intracellulare this is not wholly reliable since other Mycobacterium species belonging to the MAC 

were misidentified as M. intracellulare. Another limitation of this assay is that careful 

consideration is required when interpreting the presence of bands on the strip. In our study some 

M. chimaera isolates produced as weak band at SP1, which might have been interpreted as a 

mixture of M. avium and M. chimaera by a less experienced person in the laboratory.  

 

A limitation of this study is that other species belonging to the MAC including M. colombiense, 

M. vulneris, M. yongonense and M. paraintracellulare were not identified. These species appear 

to be less frequently identified and are rarely reported in the literature. It is also unclear whether 

these species will hybridise to the probes present of the GenoType NTM-DR assay. However, it 

is hypothesised that they may cross-react with the M. intracellulare probes present. The 

GenoType NTM-DR assay also contains probes for detecting genes conferring resistance to 

macrolides and aminoglycosides and also allows the differentiation of species within the 

Mycobacterium abscessus complex. Resistance to these classes of antibiotics is encoded by the 

rrl and rrs genes [189,209]. Further research is needed to evaluate the performance of this assay 

for characterizing antibiotic resistance genes in MAC and for differentiating species belonging to 

the M. abscessus complex. 

 

Following the retrospective identification of M. chimaera isolates in the IMRL, laboratory results 

were re-issued by the IMRL to the respective hospital laboratory from which the isolates had been 

referred. Prior to the evaluation of the GenoType NTM-DR assay, 16S rRNA and ITS sequencing 

was a validated method for identifying M. chimaera in the IMRL. Gene sequencing has been the 

gold standard for identification of NTM, however this method may be more laborious when 
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compared to commercial assays which have a shorter turnaround time. The ECDC protocol 

recommends that two conserved gene targets such as the 16S rRNA, ITS, hsp65, and/or rpoB 

should be used for identifying M. chimaera [107]. The MIN2 probe from the INNO-LiPa 

Mycobacteria v2 assay is also used for identifying M. chimaera in some laboratories [283]. Other 

studies have reported the use of MALDI-TOF for accurate identification of M. chimaera and M. 

intracellulare using species-specific peaks from the mass spectra [144]. More recently a 

quantitative PCR (qPCR) has been developed based on six genetic regions that are only present 

in M. chimaera which allows it to be identified rapidly and with high sensitivity from spiked 

human blood samples and HCU environmental water samples [284].  

 

GenoType NTM-DR is a useful complementary assay to the GenoType Mycobacterium CM assay 

and is suitable for confirming the identification of M. chimaera [248]. A comparison between 

GenoType NTM-DR and INNO-LiPa Mycobacteria also showed that both are efficient assays for 

identifying M. chimaera [138]. Based on the results from this study, the GenoType NTM-DR is 

validated for confirming the identification of M. chimaera and has now partially replaced the use 

of 16S rRNA and ITS sequencing in the IMRL. Since other Mycobacterium species belonging to 

the MAC were misidentified as M. intracellulare, all MAC isolates identified as this species with 

the GenoType NTM-DR will be further investigated using 16S rRNA and ITS sequencing to 

confirm its identity. It is expected that more cases of M. chimaera infections will be identified in 

the future due to its slow growing nature and the long incubation period. Accurate and rapid 

identification of M. chimaera will be important for early diagnosis of suspected cases and for 

clinical management of patients as clinical symptoms are often non-specific [113,116,129]. 

Reliable laboratory identification methods for M. chimaera are also important from a hospital 

infection control perspective as the use of contaminated Sorin/LivaNova HCU devices for 

cardiopulmonary bypass during open heart surgery has been identified as the most plausible 

reservoir and source of invasive M. chimaera cardiovascular infections that have been identified 

globally [101]. Environmental testing of HCU water for M. chimaera and routine surveillance 

will be important for monitoring contamination of devices and to ensure that HCU 

decontamination protocols used are effective.  

 

7.2 M. chimaera isolates associated with Open Heart Surgery 

In response to the M. chimaera outbreak reports by the ECDC, a national investigation was 

initiated by the Irish Health Services Executive and Health Protection Surveillance Centre in 2015 

to investigate the risk of cardiovascular infections caused by M. chimaera in Ireland [110]. This 

included a retrospective study which was conducted by the HPSC to identify clinical NTM 

isolates associated with open heart surgery between 2007 and 2015, and on a prospective basis 
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M. chimaera isolates associated with OHS were identified by clinicians and referred to the IMRL 

for identification [110]. Routine sampling of water taken from HCU’s and source waters used in 

9 Irish cardiothoracic surgery centers were tested in the Public Health Laboratory for the presence 

of Mycobacterium species and recovered isolates were referred to the IMRL for species 

identification. In addition, water samples were collected from six Dublin hospitals and domestic 

household kitchen mains tap water and tested for the presence of M. chimaera in this study. The 

second aim of this study was to assist the national investigation by identifying clinical and 

environmental isolates of M. chimaera in conjunction with the IMRL and the PHL, and to provide 

further insights on the genomic relationship of M. chimaera isolates associated with OHS and to 

find epidemiological links that have been reported internationally.  

 

16 M. chimaera isolates related to open heart surgery were referred on an anonymized basis to 

the investigator. To date, four confirmed cases of M. chimaera infection who met the ECDC case 

criteria for invasive infection associated with OHS have been identified and reported by the HSE 

[110]. According to the HPSC report confirmed clinical cardiac infections caused by M. chimaera 

were identified retrospectively and prospectively in three adults. All four confirmed cases were 

previously exposed to Sorin/LivaNova HCU’s during OHS between 16 to 28 months prior to 

diagnosis at a single centre and had previously undergone aortic valve replacement or repair. All 

presented with endocarditis and/or bloodstream infection, and one patient died although M. 

chimaera infection was not the primary cause of death [110]. The incubation period ranged from 

14 months to 39 months in these four cases and is similar to the long incubation periods that have 

been reported in other cases in Switzerland [58]. Since 2012, there have been a small but 

increasing number of cases of invasive M. chimaera infections associated with OHS and, to date, 

approximately 150 cases have been identified worldwide [127]. It has been hypothesised that M. 

chimaera could be underdiagnosed in developing countries as the majority of reported cases were 

from Europe and the United States [285]. It has been suggested that an international patient 

registry should be created to compile data from individual centres into a common registry as only 

a few cases of M. chimaera infections have been reported from individual countries and optimal 

treatment is currently based largely on expert opinion [286].  

 

Cases of invasive M. chimaera infections have been linked with the use of a specific HCU 

manufactured by Sorin/LivaNova, which most likely became contaminated at or near the time of 

manufacture [120]. An airborne transmission route of M. chimaera infections was originally 

suggested by Sax et al [58], and it was demonstrated that infectious aerosols generated from these 

devices used during surgery were transmitted into the operating field despite an ultraclean air 

ventilation system [105]. As these machines are exported to and used widely in many different 

countries, the possible exposure to M. chimaera by patients undergoing OHS has been globally 
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recognized and the outbreak is not confined to individual countries. In this study, we hypothesised 

that M. chimaera contamination within HCU’s used in Ireland was due to intrinsic device 

contamination, rather than local contamination with water sources. Routine surveillance of water 

in HCU’s used in 9 Irish cardiothoracic surgery centers showed that Sorin/LivaNova devices from 

four centres were contaminated with M. chimaera between 2015 and 2018 and 49% (80/164) of 

water samples from Sorin/LivaNova HCU devices were positive for M. chimaera. A progressive 

decline in the number of M. chimaera recovered from HCU water samples was observed 

following the introduction of new decontamination protocols during the fourth quarter of 2015 

and the decommissioning of Sorin/LivaNova devices after 2016. By contrast, surveillance of 

water from Maquet devices showed that only 1% (3/306) of water samples from two centres were 

positive for M. chimaera on 3 sampling occasions. The absence of M. chimaera from source water 

used for filling HCU devices, other hospital water from the mains potable tap, scrub tap of 

operating theatres, drinking tap, showers and hand sinks, and as well as domestic water that were 

sampled in this study further supports the hypothesis that M. chimaera contamination in the water 

reservoirs of Sorin/LivaNova HCU’s is likely due to intrinsic device contamination during the 

manufacturing process. A previous study by Haller et al reported that M. chimaera contamination 

was found during the production of HCU’s at the manufacturing site in Germany [120].  

 

Our findings from WGS analysis of all M. chimaera isolates showed that there was one major 

group of M. chimaera identified and that there was a very low genetic diversity amongst OHS 

isolates and M. chimaera isolates from Sorin/LivaNova HCU devices when compared with 

respiratory M. chimaera isolates. The majority of M. chimaera isolates from OHS related sources 

and Sorin/LivaNova devices in this study were highly clonally related to the global outbreak strain 

known as subgroup strain 1.1 [101]. By contrast, M. chimaera isolates from Maquet devices were 

classified as 1.11 and six epidemiologically unrelated respiratory M. chimaera isolates were 

genetically distinct from the main outbreak group. Our findings are consistent with published 

reports from other countries indicating that M. chimaera contamination was mainly associated 

with Sorin/LivaNova HCU’s rather than Maquet devices. M. chimaera isolates from 

Sorin/LivaNova HCU’s in Australia and New Zealand were frequently indistinguishable at the 

genomic level which also suggested a common source of HCU contamination [123]. WGS results 

of M. chimaera isolates from Maquet devices in Denmark showed that they were genetically 

distinct from M. chimaera recovered from Sorin/LivaNova machines [124]. It has been reported 

from the UK that M. chimaera isolates from open heart surgery patients and Sorin/LivaNova 

HCU’s were clonal, which provided evidence of an epidemiological link [103]. More recently, a 

global molecular epidemiology study of M. chimaera infections associated with OHS from 

Europe and the United States provided further evidence that invasive cardiovascular infections 

were most likely due to the use and distribution of Sorin/LivaNova HCU devices that became 
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contaminated at or during the manufacturing site [101]. A subgroup strain of M. chimaera known 

as 1.1 was identified to be responsible for the majority of M. chimaera cardiovascular infections 

worldwide [101]. More recently, M. chimaera contamination in Sorin/LivaNova HCU has been 

reported from China and their WGS analyses revealed that M. chimaera isolates recovered from 

Sorin/LivaNova HCU were also highly clonal and related to M. chimaera subgroup strain 1.1 

[126].  

 

The molecular epidemiology of M. chimaera isolates from ECMO machines remains unclear as 

there were a limited number of isolates recovered from ECMO HCU’s in this study. Three M. 

chimaera isolates from ECMO sources were closely related to subgroups 1.1, 1.8 and 

1.ungrouped. ECMO devices are regarded as a potential further source for M. chimaera infections 

in a group of severely ill and often immunocompromised patients. However the risk of M. 

chimaera infections associated with ECMO is undefined [287]. The occurrence of M. chimaera 

infection associated with ECMO treatment was explored in a retrospective clinical study and with 

prospective environmental testing of ECMO devices in Germany [136]. M. chimaera 

contamination was identified from the water of ECMO devices from two manufacturers, but no 

contamination was found in air sample cultures [136]; no patients with M. chimaera infection 

linked to ECMO devices were identified [136]. However, it has been hypothesised that the risk 

of M. chimaera infections associated with ECMO procedures is low because, in contrast to HCU 

use during OHS, ECMO devices are airtight and closed systems and this out rules the possibility 

of aerosol generation [287].  

 

Our study has many implications as M. chimaera contamination of Sorin/LivaNova HCU’s in 

Ireland are likely due to contamination from the manufacturing site rather than from source water 

or local water sources. The use of Sorin/LivaNova HCU’s is associated with a higher risk for 

invasive M. chimaera cardiovascular infections owing to the contamination of these devices and 

the production of aerosols which allows M. chimaera to be transmitted, whereas the design of 

Maquet HCU’s do not allow for aerosol production [110,132]. Chemical decontamination of 

Sorin/LivaNova devices has not been entirely successful as M. chimaera has been reported to 

have reemerged in spite of new decontamination protocols [133]. The change from potable tap 

water to filtered or RO water used for filling HCU devices is important to prevent further 

contamination of devices [110]. However, the current decommissioning of Sorin/LivaNova 

devices in Ireland appears to have reduced the risks of M. chimaera infections associated with 

HCU’s in Ireland [110]. Enhanced HCU decontamination protocols and continuous monitoring 

of Maquet devices is required to ensure that the risk of M. chimaera invasive cardiovascular 

infections following OHS remains low. To date, there have been no reports of M. chimaera 

infections associated with Maquet and ECMO devices. Nevertheless, continued surveillance of 
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HCU’s is needed due to the long incubation periods of M. chimaera infections and whole genome 

sequencing of future M. chimaera isolates recovered from Maquet and ECMO devices is needed 

to provide further information on the molecular epidemiology of M. chimaera. More recently, M. 

chimaera and Granulicatella adiacens were reported to cause aortic endograft infections in a 

previously healthy patient who had undergone aortic repair [255]. WGS analysis of the isolate 

from this patient did not indicate a close relationship to M. chimaera strains associated with 

infections after OHS. Instead the patient’s isolate clustered with strains from subgroup 1.11 and 

group 1 strains [255]. Their study suggests that the molecular epidemiology of M. chimaera 

infections associated with OHS is not fully understood and it has been hypothesised that 

contamination of medical prostheses at the manufacturing site could also occur, and in 

consequence environmental water at the production site or from fresh implants should be 

investigated for NTM contamination [255]. 

 

The identification of other NTM species from water sources is a concern as M. lentiflavum was 

predominantly found in Maquet devices and other NTM species including M. chelonae, M. 

gordonae, M. abscessus and M. kansasii were also found in HCU water and/or other hospital 

water in this study. WGS of other NTM species might provide further information regarding their 

sources leading to contamination of HCU water and hospital water. The water reservoirs within 

HCU’s are known to contain a diverse population of bacterial and fungal species. A previous 

study reported the presence of other NTM, Aspergillus flavus and Legionella pneumophila within 

HCU’s [134]. Tests on HCU’s for other potential pathogens such as Legionella and Pseudomonas 

species was not performed in this study, but it could be argued that routine surveillance of HCU’s 

should include testing of other pathogens as further healthcare-associated outbreaks may be 

caused by water-borne pathogens in contaminated hospital water. More recently, high colony 

counts of M. chimaera and P. aeruginosa were found in Sorin/LivaNova HCU devices in 

Singapore and the authors suggested that by keeping the HCU empty when not in use, combined 

with adherence to strict decontamination protocols can ensure that the water quality within these 

devices is maintained at satisfactory levels [288].  

 

The limitations of this study were firstly the small number of M. chimaera isolates recovered from 

water samples that had whole genome sequencing performed. The level of M. chimaera 

contamination before and after routine decontamination of HCU devices was not investigated and 

the type of water used to fill HCU devices in different centres was not known. Additional 

sampling of other hospital water was not performed in all cardiac centres and non-cardiac centres 

in Ireland, and was mainly limited to centres in Dublin. Likewise, domestic water sampling was 

limited mainly to the greater Dublin area. Other environmental sources of M. chimaera in Ireland 

are unknown. Although M. chimaera was identified in the majority of household water samples 
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studied in the United States [93], and it was also found to be the dominant NTM species during 

an environmental sampling study of household water in Hawaii [97].  

 

However, it is unclear why M. chimaera is the main species causing mycobacterial infections 

associated with OHS, and it is unclear whether other NTM species contaminating HCU’s are 

aerosolised from these devices during OHS. Previous studies have reported the ability of NTM 

species to form biofilms [289,290]. Totani et al investigated the ability of different M. avium 

strains to form biofilms under different nutrient and oxygen conditions and differences in the 

thickness of biofilms was observed between wild type and mutant strains [289]. Likewise, the 

ability of different M. avium strains from AIDS patients were characterised in their ability to form 

biofilms [291]. M. avium biofilms were challenged with disinfectants and results showed that 

bacteria in biofilms were more resistant to disinfectants when compared to planktonic bacteria 

[291]. It is likely that M. chimaera can form biofilms and that other bacterial and fungal pathogens 

facilitate extensive biofilm formation. Further research on M. chimaera biofilm production is 

needed to elucidate this. 

 

7.3 Respiratory M. chimaera isolates  

Following the molecular characterization of M. chimaera isolates associated with OHS, it was 

evident that they had a low genetic diversity. The third aim of this study was to investigate the 

molecular epidemiology of respiratory M. chimaera isolates by characterizing them to individual 

strain level and to determine the diversity of M. chimaera isolates recovered within patients and 

between individual patients. It was hypothesised that the molecular epidemiology of respiratory 

M. chimaera isolates is distinct from that of isolates associated with OHS. 

 

The study included 63 respiratory and 40 OHS related M. chimaera isolates together with 14 

WGS datasets from a published study by van Ingen et al [101]. The phylogenetic diversity of 

respiratory M. chimaera isolates was investigated using a SNP based classification approach. Our 

results showed that the respiratory M. chimaera isolates had diverse subgroups which are 

unrelated to M. chimaera from open heart surgery. WGS analysis revealed that M. chimaera 

isolates belonged to two major groups, with group 1 being the predominant group as it contained 

most isolates. Further interrogation of major group 1, showed that respiratory isolates could be 

classified further into subgroups based on their SNP differences compared to published subgroup 

strains in the molecular epidemiology study by van Ingen et al [101]. Respiratory M. chimaera 

isolates were classified further into subgroups 1.5 and 1.9, with most of the isolates classified as 

subgroup 1.5. Those isolates that didn’t belong to any published subgroup were also classified as 

clade 1 or clade 2 in this study. Likewise, a small number of respiratory M. chimaera isolates 
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were classified as group 2 strains. This shows that there is a greater genetic diversity amongst 

respiratory M. chimaera isolates. Our findings are similar to those of van Ingen et al where 4 

major groups of M. chimaera were identified, and groups 1 and 2 contained the most isolates 

[101]. Despite a large number of respiratory isolates having been studied and identified as 

unrelated to OHS surgery, respiratory M. chimaera isolates have not been characterised to strain 

level in these studies [98,204]. More recently, a study by Chand et al identified two clusters of 

respiratory M. chimaera isolates that were from patients without history of OHS but further 

investigation of these clusters has not been reported [103]. 

 

WGS of respiratory M. chimaera isolates also revealed that there is a low genetic diversity 

between M. chimaera isolates recovered consecutively from within patients and from different 

patients. Analysis of consecutive M. chimaera isolates from 9 patients who had repeats isolates 

showed most patients who had two or more isolates were most likely infected with the same strain. 

Consecutive respiratory M. chimaera isolates from the same patient were collected between 1 day 

to 5 years apart and had very little genomic differences between them with approximately < 10 

SNP difference. Two patients were most likely infected with different strains of M. chimaera 

based on the large number of SNP differences between their isolates. Clusters of M. chimaera 

isolates were identified between different patients who had only one single isolate collected. In 

this study, a cluster of 6 isolates from 6 patients from the same laboratory source were presumably 

infected with the same M. chimaera strain (Chapter 3, Figure 35). The significance of this finding 

is unclear and no clinical information was available, however it is hypothesised that there may be 

a common source of infection or transmission may be taking place within the hospital. It was also 

hypothesised that there may be the possibility of laboratory contamination and further 

investigation is required. Likewise, three additional clusters were identified (clusters A, B, and 

C), and all clustered isolates occurred in separate patients from different hospitals (Chapter 3, 

Figure 35). It is hypothesised that these patients from different hospitals who were 

colonized/infected with potentially related strains of M. chimaera may have acquired the strain 

from a common environmental source outside of the hospital.  

 

This study represents the first molecular epidemiology study of M. chimaera isolates in Ireland. 

There is a previous study of the characteristics of MAC infections and treatment outcomes in an 

Irish cohort, however M. chimaera was not reported and no molecular investigations were 

included [239]. In addition, clinical information on sequenced respiratory M. chimaera isolates 

from a limited number of patients was collected in parallel with this molecular investigation. 

Respiratory M. chimaera isolates from 26/38 patients were examined and were associated with 

older patients, with chronic pulmonary disease and a heavy burden of symptoms including cough, 

sputum production and dyspnoea [240]. These clinical findings were similar to the previous 
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findings of Boyle et al [198] All 26 patients had met the clinical criteria for NTM pulmonary lung 

disease, however only 6 patients met the ATS diagnostic criteria and 4 of those who met the 

diagnostic criteria were treated in our study [240]. This shows that respiratory infections caused 

by M. chimera can occur on rare occasions, with only a small number of patients meeting NTM 

treatment guidelines and were on treatment. A limitation of this study is that further links between 

patients and WGS data could not be made to draw possible conclusions about M. chimaera strains 

associated with respiratory infection and further research is needed. Likewise, clinical information 

of M. chimaera isolates from a limited number of patients were collected and further work is 

needed to collect of clinical information on respiratory isolates of the remaining patients.  

 

Molecular typing of NTM to assess virulence and strains associated with clinical disease, or to 

predict the response to treatment has been of great interest as diagnosis of NTM pulmonary 

disease can be difficult and the rate of treatment failure is greater than 50% for MAC species 

[244]. A molecular typing system has been developed for M. kansasii which has classified strains 

into five distinct subtypes. M. kansasii subtype 1 causes mostly pulmonary and disseminated 

disease in immunocompromised individuals, subtype 2 causes infection in HIV infected patients 

and the remaining subtypes were environmental strains not associated with disease [156,245]. 

More recently, a case of M. chimaera infection associated with structural lung disease was 

reported in a patient without a history of cardiac surgery, but the patient isolate was not 

characterised further using molecular methods [267]. Currently there is no standardised molecular 

typing system for M. chimaera and WGS of isolates and analysis using a SNP based classification 

is considered the most appropriate. Complete genome sequences of M. chimaera strains 

associated with mycobacterial lung disease and outside the context of OHS have been published 

and are useful for genomic analysis and comparison [224,292,293]. However, the development 

of an international nomenclature and molecular typing system for M. chimaera is important for 

studying the molecular epidemiology of M. chimaera at a global level and to identify strains 

associated with disease as it is an emerging pathogen.  

 

7.4 Antimicrobial Susceptibility Testing of M. chimaera  

The treatment of MAC lung disease is challenging as it requires the prolonged use of anti-

mycobacterial agents that have a high toxicity potential. Invasive M. chimaera infections are 

particularly associated with poor clinical responses and the optimal antibiotic treatment regimen 

for these infections is unknown. However, the treatment of invasive M. chimaera infections has 

been largely based on the regimens used for treatment of pulmonary MAC infection. The ATS 

and BTS guidelines only mention treatment of MAC as a group, rather than specifically for 

individual species as there are limited data available [35,36]. A previous study by Cho et al 
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showed that M. intracellulare isolates generally had lower susceptibility rates to clarithromycin, 

rifampicin, ciprofloxacin, moxifloxacin and linezolid when compared to M. avium [246]. This 

suggests that treatment of M. chimaera infections may vary and comprehensive drug 

susceptibility studies for MAC species is required to help guide treatment.  

 

Another difficulty in the treatment of M. chimaera infections is that in vitro susceptibility testing 

results, and in vivo response to treatment, have not been studied with the exception of 

clarithromycin use for treatment of MAC [174,176]. Therefore, the role of antimicrobial 

susceptibility testing (AST) has been the subject of debate and consensus concerning the 

indications for susceptibility testing of MAC isolates does not exist [177]. In this study, the drug 

susceptibility profiles of clinical M. chimaera isolates recovered from both respiratory and OHS 

sources, as well as environmental M. chimaera isolates recovered from the water reservoirs of 

HCU’s, were determined for antimicrobial agents that are commonly considered for treatment of 

mycobacterial infections. By increasing in vitro antimicrobial susceptibility data for M. chimaera 

using standardised methods, this should help guide the choice of antimicrobial agents for use in 

treatment of invasive and respiratory infections caused by M. chimaera as part of the overall 

therapeutic strategy. There are limited publications on in vitro susceptibility results for M. 

chimaera to antimicrobial agents and different methods of susceptibility testing have been used 

for MAC [184,249,251]. 

 

Currently, CLSI recommends that broth microdilution is the standard method for susceptibility 

testing of NTM. Susceptibility testing of MAC should be performed using a broth based method, 

either microdilution or macrodilution [178]. In this study, a commercial broth microdilution 

method was used for in vitro susceptibility testing of M. chimaera. Our findings showed that 

clarithromycin had good activity in vitro against M. chimaera while there was a high proportion 

of isolates not fully susceptible to moxifloxacin and linezolid thereby showing poor activity 

against M. chimaera [175]. CLSI guidelines recommend to test the in vitro susceptibility of 

clinical MAC isolates only to macrolides as they are the only drug class that has evidence for 

clinical response based on controlled clinical trials [178]. We expected to find a high proportion 

of M. chimaera isolates to be susceptible to clarithromycin as it has been reported that generally 

wild type MAC isolates that have not been previously exposed to antibiotic treatment are 

susceptible to clarithromycin. Patients who have previously been treated with clarithromycin have 

been reported to develop resistant strains of MAC [252]. Tentative CLSI breakpoints for 

moxifloxacin and linezolid are available for reporting in the case of clarithromycin resistant MAC 

strains and moxifloxacin is commonly used as part of a multi-drug regimen for treatment of 

invasive M. chimaera infections associated with open heart surgery [109]. In vitro susceptibility 
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results for M. chimaera to moxifloxacin and linezolid may have an influence on whether these 

are efficacious therapeutic agents. 

 

In this study we also found that rifampicin, rifabutin, ethambutol, amikacin and streptomycin had 

good activity against M. chimaera with low rates of reduced susceptibility or resistance. The 

combination of antibiotics used for the treatment of MAC infections usually includes rifampicin, 

or rifabutin, together with ethambutol which are said to prevent the emergence of clarithromycin 

resistance. Likewise, aminoglycosides such as amikacin or streptomycin may also be included for 

treatment of patients with severe MAC pulmonary disease or invasive M. chimaera infections 

associated with open heart surgery [35,36,109]. In the past, in vitro results for rifampicin, rifabutin 

and ethambutol have not reliably correlated with clinical response and treatment outcomes, and 

the clinical usefulness of testing these agents is the subject of debate [253]. A recent study by 

Kwon et al showed that the treatment success rate for MAC lung disease decreased when MAC 

isolates had an MIC of ≥8 µg/ml particularly for rifampicin and ethambutol [294]. In vitro 

susceptibility testing of amikacin has recently been found to correlate with positive treatment 

outcomes and breakpoints have been proposed to CLSI by Brown-Elliot et al for consideration 

and approval [186]. 

 

A limitation of this study is that, except for clarithromycin, established breakpoints were not used 

due to the limited data available. PK/PD derived breakpoints published by van Ingen et al were 

used to evaluate rifampicin and ethambutol susceptibility in previous studies by Kim et al and 

Schon et al [151,247,250]. PK/PD breakpoints are often used to guide in the development of 

breakpoints and can aid interpretation in situations where there are no species-specific breakpoints 

[254]. A recent study on drug susceptibility of M. chimaera and other MAC species by Maurer et 

al showed that ECOFF values could not be determined for rifampicin and ethambutol due to 

truncated MIC distributions [175]. Likewise, Maurer et al showed that the tentative CLSI 

breakpoints for moxifloxacin and linezolid should also be re-evaluated as all M. chimaera isolates 

were classified as wild-type (susceptible) to moxifloxacin and only 2% were non wild-type 

(resistant) to linezolid when using tentative ECOFF values [175] . 

 

Other antimicrobial agents including ciprofloxacin, doxycycline, ethionamide, isoniazid and 

trimethoprim/sulfamethoxazole were tested in parallel with the other agents available on the MIC 

plate. Although these agents are not commonly considered for use for treatment of MAC 

infections, they are often used for treatment of other slow-growing mycobacteria including M. 

kansasii and M. marinum [35]. Our results show that the MIC distributions of M. chimaera 

isolates were truncated at the upper end for these agents and would need to be tested at a higher 

concentration to overcome this limitation. Similarly, Maurer et al showed that ECOFF values for 
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ciprofloxacin, doxycycline, ethionamide, and isoniazid could not be determined due to truncations 

in MIC distributions [175]. However, the added benefit of testing these agents is unknown as they 

are not commonly used for treating MAC infections.  

 

Our previous results showed that environmental M. chimaera isolates were linked to the global 

outbreak strain 1.1 and have been reported to have caused most infections worldwide. Treatment 

of invasive M. chimaera infections is challenging [57,109,129,255], and it was previously 

discussed that M. chimaera may be more effective at producing biofilms when compared to other 

NTM species. Hence this may be the reason why it has been the main species causing infections 

associated with OHS. It has been noted that inadequate treatment of invasive M. chimaera 

infections is due to biofilm formation on cardiovascular implants [109], and this may cause M. 

chimaera to have different antimicrobial susceptibilities when grown in biofilms. Further research 

to test the antimicrobial susceptibility of M. chimaera biofilms is needed as this may lead to better 

choices in antimicrobial agents with better clinical outcomes.  

 

We also observed that there were major changes in the MIC distributions of consecutive M. 

chimaera isolates. It is hypothesised that these changes may be influenced by antimicrobial 

treatment that was commenced amongst the patients with M. chimaera infection. Treatment data 

for the clinical cases of M. chimaera were not available. Likewise, changes in MIC of consecutive 

respiratory isolates observed mainly in isolates that were resistant or intermediate to moxifloxacin 

and linezolid. The differences in MIC distributions may also represent isolates with reduced 

susceptibility that could be associated with genomic differences between isolates and further 

research is required to explore this. However, overall this raises further queries regarding the 

clinical efficacy of moxifloxacin and linezolid for treatment and clinical breakpoints for these 

agents should be re-evaluated.  

 

A limitation of this work was the small number of M. chimaera isolates tested from OHS and 

environmental HCU sources. Although respiratory M. chimaera isolates appear to have a higher 

rate of resistance to moxifloxacin, linezolid, rifampicin and ethambutol when compared to OHS 

isolates, AST of more M. chimaera isolates from different sources is needed to confirm whether 

this observation is reproducible. Another limitation of AST of M. chimaera was the determination 

of end point reading which is subjective as end point readings were determined by visual 

inspection, and variability in MICs when using microdilution may influence the differences 

observed in MIC’s of consecutive isolates [177,256]. In a multisite reproducibility study, it was 

noted that results from using 7H9 medium for broth microdilution testing of MAC was more 

reproducible than those from Mueller Hinton medium [256]. 
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Further work is required to investigate the molecular resistance mechanisms in gene targets (rpoB, 

embB, rrs, gyrA, gyrB, 23S rRNA gene) in M. chimaera which are commonly associated with 

rifampicin, ethambutol, amikacin, moxifloxacin and linezolid resistance in M. tuberculosis. The 

antibiotic resistance genes are not well studied in NTM species, with the exceptions of macrolides 

and aminoglycosides. Drug resistance mutations associated with clarithromycin have been 

characterised in the 23S rRNA gene, also known as rrl [257–259], and molecular drug resistance 

to amikacin has been associated with mutations in the 16S rRNA gene, also known as rrs [186]. 

As previously mentioned, the GenoType NTM-DR assay contains probes for detecting molecular 

resistance to macrolides and aminoglycosides but was not investigated in this study. With the 

collection of MAC isolates (n=173) in chapter 2 this study, only two M. intracellulare isolates 

developed a corresponding mutation band for macrolide resistance (rrl MUT2; mutation A2058G) 

or aminoglycoside resistance (rrs MUT1; mutation A1408G). Retrospective analysis confirmed 

that these two isolates were phenotypically resistant to clarithromycin (MIC 64 ug/ml) or resistant 

to amikacin (MIC not available). Resistance to macrolides and aminoglycosides was not detected 

in M. chimaera and M. avium isolates that were tested with the GenoType NTM-DR assay (data 

not shown). In vitro AST of M. chimaera isolates also showed that none were resistant to 

clarithromycin or amikacin, suggesting that there is a good correlation of this assay between AST 

and molecular drug resistance detection, however more isolates need to be tested to support these 

findings. A recent study by Mougari et al also showed that the GenoType NTM-DR appears to 

give good correlation between in vitro susceptibility testing results and the detection of molecular 

resistance for macrolides and aminoglycosides [260]. The molecular mechanisms for resistance 

to other antimicrobial agents have not been well defined in MAC and very few reports of 

resistance mechanisms associated with rifampicin and ethambutol resistance in MAC have been 

published in the literature [191,194]. 

 

In vitro susceptibility testing of M. chimaera to other antimycobacterial agents such as 

bedaquiline and clofazimine should also be investigated. Bedaquiline is a novel diarylquinoline 

antibiotic, which exhibits potent activity against mycobacteria by inhibiting ATP synthase [295]. 

Clofazimine is a riminophenazine drug which was first described as having activity against 

mycobacteria in 1957 and inhibits bacterial replication [296]. Bedaquiline and clofazimine are 

useful in the treatment of multi-drug resistant (MDR) TB, although pre-existing drug resistance 

mutations have been reported in MDR-TB isolates [297]. In vitro susceptibility testing of 

bedaquiline against NTM showed moderate activity based of ECOFF values [295]. Another study 

showed that bedaquiline has excellent potential for use in treatment of patients with MAC 

infections [298], although the emergence of drug resistance-associated mutations in the atpE and 

mmpT5 genes have also been reported for M. intracellulare isolates from patients who were 

treated with bedaquiline [299]. Of the NTM species tested in the reported studies, none were M. 
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chimaera and there are no published data available on the in vitro activity and clinical efficacy of 

bedaquiline and clofazimine against M. chimaera as a separate species. Likewise, delaminid has 

been shown to have potential activity against M. avium and M. intracellulare and there are no 

published data available for for M. chimaera [300]. 

 

The risk of developing invasive M. chimaera after OHS remains low, but fatality rates are 

approximately 50% [301]. In a series of cases published from the UK, only half of the affected 

patients were still alive after three years [116]. Treatment regimens of invasive M. chimaera 

infections have included clarithromycin in combination with ethambutol, derivatives of 

rifamycins, quinolones and/or intravenous aminoglycosides [109]. However, these agents are 

often associated with adverse effects and long-term toxicity [109]. It is also unclear whether repeat 

surgical intervention to remove the infected foreign implant material is associated with better 

clinical outcomes. Scriven et al reported a non-significant difference between mortality rates in 

patients who only received anti-mycobacterial therapy versus those who had additional surgery 

[109,116]. Nevertheless, anti-mycobacterial agents play a key role in the treatment of M. 

chimaera infections and should help inform on the choice of agents as part of the overall 

therapeutic strategy. 

 

7.5 Host-pathogen interaction of M. chimaera  

Following the characterization of M. chimaera isolates by WGS, we sought to investigate to carry 

ourt a preliminary study to investigate the host immune response to M. chimaera infection. We 

hypothesised that M. chimaera can induce cell death allowing it to spread and cause infection and 

some strains of M. chimaera might be more virulent than others. M. chimaera is often found 

colonising the lung and, in some cases, causes infections in patients with underlying structural 

lung disease. It was previously reported that MAC can live and replicate within host macrophages. 

The final aim of this study was to carry out a preliminary study to investigate the host-pathogen 

interaction of different M. chimaera strains with THP-1 macrophages. We sought to investigate 

whether M. chimaera induces THP-1 macrophage cell death, to compare the levels of cell death 

of THP-1 macrophages induced by clinical respiratory and OHS associated M. chimaera strains 

and to gain insight into the proinflammatory cytokine pattern induced by M. chimaera.  

 

Our results showed that M. chimaera induces low levels of THP-1 macrophage cell death at 48 

hrs. THP-1 macrophages were infected with either a low or high MOI (ie. the number of bacilli 

per cell) of M. chimaera or M. tuberculosis H37Ra, and THP-1 macrophage cell death induced 

by M. chimaera was significantly lower when compared to M. tuberculosis H37Ra. Macrophage 

cell death plays an important role in the pathogenesis of M. tuberculosis as attenuated strains 
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induce extrinsic apoptosis while virulent strains of M. tuberculosis suppress this host response 

[261], causing necrosis instead and allowing them to escape from infected macrophages [262]. 

Previous studies have reported that virulent strains of mycobacteria induce lower levels of cell 

death. M. tuberculosis H37Ra induced more apoptosis in comparison to the virulent M. 

tuberculosis H37Rv in a study by Fratazzi et al [270]. Likewise, an avirulent strain of 

Mycobacterium bovis induced high levels of apoptosis in THP-1 cells, while virulent strains did 

not, and the bacilli could survive intracellularly (57). Our finding show that M. chimaera induces 

low levels of cell death especially during early infection. It was hypothesised that M. chimaera 

may induce higher levels of cell death after 48 hrs and a time course experiment where THP-1 

macrophage cell viability was measured after 72 hrs, 120 hrs and 168 hrs after infection with M. 

chimaera was performed. We demonstrated that THP-1 macrophage cell death peaked at 120 hrs 

(day 5) with a dose-dependent response. Previous studies have also shown that cell death occurred 

in macrophages infected with M. avium between 3 to 7 days after infection as an innate defence 

mechanism to control the progression of infection (54, 56). Our results suggest that macrophages 

may be better at controlling the intracellular growth of M. chimaera in comparison to M. 

tuberculosis. Alternatively, M. chimaera could be inhibiting cell death to allow it to replicate 

intracellularly and escape the macrophage to infect other cells. The difference between M. 

chimaera and M. tuberculosis induced cell death could be due to genetic differences of the 

pathogens. ESAT-6 is secreted by the ESX-1 secretion system and is responsible for much of the 

necrosis caused by M. tuberculosis [64]. By contrast, M. avium strains lack the ESX-1 secretion 

system and it is unclear what type of secretion system is present in M. chimaera.  

 

Following the cell viability time-course experiment, a comparison of cell death induced by 

clinical M. chimaera strains was investigated at 120 hrs. Our results showed that a significant 

increase in cell death was observed in macrophages infected with a low MOI of M. chimaera 

OHS strain in comparison to the reference strains. Similarly, there was a significant increase in 

cell death when THP-1 macrophages were infected a low MOI of the respiratory strain in 

comparison to the reference and OHS strains. This suggests that the OHS and respiratory strains 

may differ in their virulence potential by inducing more cell death. However, the mechanism of 

cell death induced by M. chimaera was not investigated in this study. It is unclear whether M. 

chimaera induces cell death to promote survival or if macrophages try to eliminate the pathogen 

as an innate immune response. A limitation of this study was that the ability of M. chimaera to 

survive and proliferate within THP-1 macrophages was not investigated, and further work is 

required to interrogate whether M. chimaera can survive and replicate within macrophages. A 

comparison between the intracellular growth rate may also provide further insight into the 

virulence potential of different M. chimaera strains. It is hypothesised that M. chimaera are 

phagocytosed by macrophages and some bacteria are killed, however some virulent strains may 
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be capable of proliferating within macrophages and can escape the cell death mechanisms. A 

previous study by Early et al showed that M. avium can overcome host killing by surviving in 

apoptotic macrophages, escape dying cells and infect adjacent cells [68]. 

 

This study found that varying levels of cytokines TNF-α, IFN- γ, IL-1β and IL-6 were produced 

by THP-1 macrophages following infection with M. chimaera at 72 hr, 120 hr and 168 hr. This 

shows that an inflammatory response was initiated by THP-1 macrophages in response to 

infection with M. chimaera. Significant levels of TNF-α and IFN-γ were produced by infected 

THP-1 macrophages after 72 hrs in comparison to uninfected THP-1 macrophages and this 

reflects the importance of these cytokines in control of M. chimaera as an initial response. By 120 

hr, the levels of TNF-α decreased and this may suggest that M. chimaera can inhibit the 

production of TNF- α thereby allowing the bacterium to proliferate within macrophages. A 

previous study by Champsi et al showed that TNF-α can inhibit intracellular growth of M. avium 

[275]. By contrast, a different study showed that gene expression of TNF-α and IFN-γ in tissues 

of mice infected with M. colombiense were stable and present throughout the course of infection, 

and M. avium induced low levels of TNF-α and IFN-γ during early infection [265]. Another study 

showed that M. avium-induced apoptosis can be inhibited by treatment with anti-TNF-α antibody, 

indicating that the survival of M. avium is partially dependent on TNF-α [276]. M. tuberculosis 

infected macrophages can undergo apoptosis that is partially dependent of TNF- α [270]. It has 

been reported that patients receiving anti-TNF-α therapy such as infliximab are at increased risk 

for tuberculosis [302]. A study by Winthrop et al showed NTM infection was associated with 

patients receiving anti TNF-α therapy and frequently had extrapulmonary disease [303]. Winthrop 

et al also reported that NTM infections were associated with the use of infliximab, with M. avium 

as the most commonly reported NTM associated with pulmonary disease in elderly female 

patients with rheumatoid arthritis [303].  

 

In this study, significantly high levels of IL-1β were also produced by THP-1 macrophages 

infected with M. chimaera throughout the time course, regardless of the MOI that was used, and 

this suggests that IL-1β may play an important role in controlling M. chimaera infection. This is 

similar to a previous study which showed that M. smegmatis, M. fortuitum and M. kansasii induce 

IL-1β production via AIM inflammasome, while another study showed that virulent M. 

tuberculosis H37Rv inhibits IL-1β production [278,279]. It has been shown that some 

mycobacteria induce secretion of IL-1β in an ESX-1 dependent manner and M. tuberculosis 

activates the NLRP3 inflammasome via the ESX-1 secretion system, but the NLRP3 

inflammasome can also be detrimental to the host by causing immunopathology and without 

restricting growth of the bacteria [304]. The AIM2 inflammasome also plays an important role in 
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M. tuberuculosis infection [279]. However, studies regarding the inflammsome involved in M. 

chimaera infection has not been investigated.  

 

Likewise, significant amounts of IL-6 were secreted by THP-1 macrophages infected with a high 

MOI of M. chimaera after 120 hr and peaked at 168 hr. Non-significant amounts of IL-6 were 

screted by THP-1 macrophages when they infected with either a low or high MOI of M. chimaera 

after 72 hr. This suggests that IL-6 may be important for controlling infection during later stages. 

A previous study suggested that virulent strains of M. avium may be able to escape the host 

defence mechanism by failing to induce IL-1 and IL-6 [281]. Our results also suggest that M. 

chimaera may be capable of escaping the host defence mechanism at low infectious doses since 

there was no significant difference in the amounts of IL-6 produced in comparison to uninfected 

cells. 
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7.6 Conclusions  

In summary, this project has demonstrated that; 

 

• There were a high proportion of M. chimaera isolates not previously identified by a 

commercial assay used in the IMRL. Evaluation of the GenoType NTM-DR has shown 

that this method can identify M. chimaera with 100% specificity and sensitivity and 

would also be useful for microbiology diagnostic laboratories where gene sequencing is 

not available. Accurate and rapid identification of M. chimaera is important due to the 

global outbreak of invasive cardiovascular infections and it is expected that more cases 

will be identified in the future due to the long incubation periods. 

• M. chimaera contamination is mainly associated with Sorin/LivaNova devices and it is 

likely that these devices were contaminated at the manufacturing site rather than by local 

water sources in Ireland. WGS results from this study were consistent with those that 

have been reported internationally, which suggests that there is a low genetic diversity 

between M. chimaera isolates associated with OHS and were highly clonal to the global 

outbreak strain 1.1. By contrast, M. chimaera isolates from Maquet devices and unrelated 

respiratory M. chimaera isolates were genetically distinct, while the epidemiology of M. 

chimaera isolates from ECMO devices remains unclear. 

• The molecular epidemiology of respiratory M. chimaera isolates is associated with 

diverse subgroups which are unrelated to those associated with OHS. Respiratory M. 

chimaera infection may be uncommon in Ireland as only a small number of patients with 

M. chimaera isolates that were identified met the ATS diagnostic criteria and were 

treated. This demonstrates that M. chimaera is an emerging respiratory pathogen and 

investigation of the molecular epidemiology of respiratory M. chimaera isolates is useful 

for identifying the diversity of strains associated in respiratory infections. 

• Of the antibiotics tested, clarithromycin, amikacin and rifabutin had best activity against 

M. chimaera isolates, while susceptibility rates were lower for ethambutol and rifampicin. 

There was a high prevalence of isolates not susceptible to moxifloxacin or linezolid. In 

vitro antimicrobial susceptibility testing should help inform on the choice of antimicrobial 

agents as part of the overall therapeutic strategy.  

• This work represents the first attempt to investigate the host immune response to M. 

chimaera infection. M. chimaera appears to induce low levels of cell death especially 

during early infection and the host defence mechanism appears to vary in response to 

different doses of M. chimaera, as evidenced by cytokine analysis. 
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7.7 Future Work  

• Further work is needed to evaluate the performance of the GenoType NTM-DR assay for 

characterizing antibiotic resistance genes in MAC and to test other Mycobacterium 

species belonging to the MAC in order to investigate if they will cross-react with the 

probes in the assay. 

• Continued surveillance of HCU’s is needed due to the long incubation periods of invasive 

cardiovascular M. chimaera infections, and whole genome sequencing of prospective M. 

chimaera isolates identified from Maquet and ECMO devices is needed to provide further 

evidence in support of these findings. 

• Future research on M. chimaera biofilm production may shed light on why M. chimaera 

is the main species to cause infections associated with OHS. It is hypothesised that M. 

chimaera can form biofilms more efficiently when compared to other NTM species.  

• Links between WGS data and clinical information from patients with M. chimaera 

isolates could not be made as access to clinical information was not available other that 

already published. Further work is needed to link clinical data and WGS data to identify 

strains associated with clinical M. chimaera respiratory disease or colonization. 

• Further research is needed to investigate the correlation of antimicrobial treatment 

outcomes with specific antibiotics in patients with M. chimaera respiratory and cardiac 

infections. In vitro susceptibility testing of M. chimaera to new antimycobacterial agents 

is needed, and further analysis of whole genome sequencing data to explore the diversity 

of M. chimaera strains associated with antimicrobial resistance and changes in gene 

targets associated with drug resistance is required. 

• The ability of M. chimaera to survive and proliferate within THP-1 macrophages was not 

investigated, and further work is required to elucidate this, as well as to investigate the 

mechanisms of cell death induced. Future work to compare the levels of cytokine 

production by different M. chimaera strains is also needed.
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Appendix I 

 

Table of 16S rRNA gene and ITS sequencing results of MAC isolates 

Sample 

No. 

GenoType 

Mycobacterium 

CM Result 

16S rRNA gene 

Sequencing 

Result 

Identity 

% 

ITS Sequencing 

Result 

Identity 

% 

1 M. intracellulare M. chimaera 100% M. chimaera 100% 

2 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

3 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

4 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

5 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

6 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

7 M. intracellulare M. avium 99% M. avium/ 

intracellulare 

99% 

8 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

9 M. intracellulare M. chimaera 100% M. chimaera 100% 

10 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

11 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

12 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

13 M. intracellulare M. chimaera 100% M. chimaera 100% 

14 M. intracellulare M. intracellulare 99% M. intracellulare 99% 

15 M. intracellulare M. chimaera 99% M. chimaera 100% 

16 M. intracellulare MAC 99% M. arosiense 100% 

17 M. intracellulare M. chimaera 99% M. chimaera 100% 

18 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

19 M. intracellulare M. haemophilum 99% M. chimaera 99% 

20 M. intracellulare M. chimaera 100% M. chimaera 100% 

21 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

22 M. intracellulare M. chimaera 99% M. chimaera 100% 

23 M. intracellulare MAC 99% M. arosiense 100% 

24 M. intracellulare M. chimaera 99% M. chimaera 100% 

25 M. intracellulare M. chimaera 99% M. chimaera 100% 

26 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

27 M. intracellulare M. chimaera 99% M. chimaera 100% 
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Sample 

No. 

GenoType 

Mycobacterium 

CM Result 

16S rRNA gene 

Sequencing 

Result 

Identity 

% 

ITS Sequencing 

Result 

Identity 

% 

28 M. intracellulare M. chimaera 100% M. chimaera 100% 

29 M. intracellulare MAC 100% M. 

bouchedurhonense 

98% 

30 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

31 M. intracellulare M. chimaera 100% M. chimaera 100% 

32 M. intracellulare MAC 100% M. 

bouchedurhonense 

99% 

33 M. intracellulare M. chimaera 99% M. chimaera 100% 

34 M. intracellulare M. chimaera 100% M. chimaera 100% 

35 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

36 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

37 M. intracellulare M. chimaera 100% M. chimaera 100% 

38 M. intracellulare M. chimaera 99% M. chimaera 100% 

39 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

40 M. intracellulare M. chimaera 100% M. chimaera 100% 

41 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

42 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

43 M. intracellulare M. chimaera 100% M. chimaera 100% 

44 M. intracellulare M. chimaera 100% M. chimaera 100% 

45 M. intracellulare M. chimaera 99% M. chimaera 100% 

46 M. intracellulare MAC 100% M. 

bouchedurhonense 

99% 

47 M. intracellulare MAC 100% M. 

bouchedurhonense 

99% 

48 M. intracellulare MAC 100% M. 

bouchedurhonense 

99% 

49 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

50 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

51 M. intracellulare M. chimaera 100% M. chimaera 100% 

52 M. intracellulare M. chimaera 100% M. chimaera 100% 

53 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

54 M. intracellulare M. intracellulare 100% M. intracellulare 99% 
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Sample 

No. 

GenoType 

Mycobacterium 

CM Result 

16S rRNA gene 

Sequencing 

Result 

Identity 

% 

ITS Sequencing 

Result 

Identity 

% 

55 M. intracellulare M. chimaera 100% M. chimaera 100% 

56 M. intracellulare M. intracellulare 99% M. intracellulare 99% 

57 M. intracellulare M. chimaera 100% M. chimaera 100% 

58 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

59 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

60 M. intracellulare M. chimaera 100% M. chimaera 100% 

61 M. intracellulare M. chimaera 100% M. chimaera 100% 

62 M. intracellulare M. chimaera 99% M. chimaera 100% 

63 M. intracellulare M. chimaera 100% M. chimaera 100% 

64 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

65 M. intracellulare M. chimaera 100% M. chimaera 100% 

66 M. intracellulare M. chimaera 99% M. chimaera 100% 

67 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

68 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

69 M. intracellulare M. chimaera 99% M. chimaera 100% 

70 M. intracellulare M. chimaera 100% M. chimaera 100% 

71 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

72 M. intracellulare MAC 99% M. marseillense 100% 

73 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

74 M. intracellulare MAC 99% M. marseillense 100% 

75 M. intracellulare M. chimaera 99% M. chimaera 100% 

76 M. intracellulare M. chimaera 99% M. chimaera 100% 

77 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

78 M. intracellulare M. chimaera 100% M. chimaera 100% 

79 M. intracellulare M. chimaera 99% M. chimaera 100% 

80 M. intracellulare M. chimaera 99% M. chimaera 100% 

81 M. intracellulare MAC 99% M. marseillense 99% 

82 M. intracellulare M. chimaera 100% M. chimaera 100% 

83 M. intracellulare M. chimaera 100% M. chimaera 100% 

84 M. intracellulare M. chimaera 100% M. chimaera 100% 

85 M. intracellulare M. chimaera 99% M. chimaera 100% 
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Sample 

No. 

GenoType 

Mycobacterium 

CM Result 

16S rRNA gene 

Sequencing 

Result 

Identity 

% 

ITS Sequencing 

Result 

Identity 

% 

86 M. intracellulare M. chimaera 100% M. chimaera 100% 

87 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

88 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

89 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

90 M. intracellulare MAC 99% M. marseillense 99% 

91 M. intracellulare M. chimaera 99% M. chimaera 100% 

92 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

93 M. intracellulare M. chimaera 99% M. chimaera 100% 

94 M. intracellulare M. chimaera 100% M. chimaera 100% 

95 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

96 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

97 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

98 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

99 M. intracellulare M. chimaera 100% M. chimaera 100% 

100 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

101 M. intracellulare M. chimaera 100% M. chimaera 99% 

102 M. intracellulare M. intracellulare 99% M. intracellulare 99% 

103 M. intracellulare M. chimaera 99% M. chimaera 100% 

104 M. intracellulare M. chimaera 99% M. chimaera 100% 

105 M. intracellulare M. chimaera 100% M. chimaera 100% 

106 M. intracellulare MAC 99% M. timonense 99% 

107 M. intracellulare MAC 99% M. timonense 99% 

108 M. intracellulare M. chimaera 100% M. chimaera 100% 

109 M. intracellulare M. chimaera 100% M. chimaera 100% 

110 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

111 M. intracellulare M. chimaera 100% M. chimaera 100% 

112 M. intracellulare M. chimaera 100% M. chimaera 100% 

113 M. intracellulare M. chimaera 100% M. chimaera 100% 

114 M. intracellulare M. chimaera 99% M. chimaera 100% 

115 M. intracellulare M. chimaera 100% M. chimaera 100% 

116 M. intracellulare M. intracellulare 100% M. intracellulare 100% 
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Sample 

No. 

GenoType 

Mycobacterium 

CM Result 

16S rRNA gene 

Sequencing 

Result 

Identity 

% 

ITS Sequencing 

Result 

Identity 

% 

117 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

118 M. intracellulare M. chimaera 99% M. chimaera 100% 

119 M. intracellulare M. chimaera 99% M. chimaera 100% 

120 M. intracellulare M. chimaera 100% M. chimaera 100% 

121 M. intracellulare M. chimaera 99% M. chimaera 100% 

122 M. intracellulare M. chimaera 100% M. chimaera 100% 

123 M. intracellulare M. chimaera 99% M. chimaera 100% 

124 M. intracellulare MAC 100% M. timonense 100% 

125 M. intracellulare MAC 99% M. marseillense 100% 

126 M. intracellulare M. chimaera 100% M. chimaera 100% 

127 M. intracellulare M. chimaera 100% M. chimaera 100% 

128 M. intracellulare M. chimaera 100% M. chimaera 100% 

129 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

130 M. intracellulare M. chimaera 99% M. chimaera 100% 

131 M. intracellulare M. chimaera 100% M. chimaera 100% 

132 M. intracellulare M. chimaera 99% M. chimaera 100% 

133 M. intracellulare M. intracellulare 99% M. intracellulare 100% 

134 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

135 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

136 M. intracellulare M. chimaera 100% M. chimaera 100% 

137 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

138 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

139 M. intracellulare MAC 100% M. marseillense 99% 

140 M. intracellulare M. chimaera 100% M. chimaera 100% 

141 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

142 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

143 M. intracellulare M. chimaera 100% M. chimaera 100% 

144 M. intracellulare M. intracellulare 100% M. intracellulare 100% 

145 M. intracellulare M. chimaera 100% M. chimaera 100% 

146 M. avium M. avium 100% M. avium 100% 

147 M. avium M. avium 100% M. avium 100% 
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Sample 

No. 

GenoType 

Mycobacterium 

CM Result 

16S rRNA gene 

Sequencing 

Result 

Identity 

% 

ITS Sequencing 

Result 

Identity 

% 

148 M. avium M. avium 100% M. avium 100% 

149 M. avium M. avium 100% M. avium 100% 

150 M. avium M. avium 99% M. avium 100% 

151 M. avium M. avium 100% M. avium 100% 

152 M. avium M. avium 100% M. avium 100% 

153 M. avium M. avium 99% M. avium 100% 

154 M. avium M. avium 100% M. avium 100% 

155 M. avium M. avium 100% M. avium 100% 

156 M. avium M. avium 99% M. avium 100% 

157 M. avium M. avium 100% M. avium 100% 

158 M. avium M. avium 100% M. avium 100% 

159 M. avium M. avium 100% M. avium 100% 

160 M. avium M. avium 100% M. avium 100% 

161 M. avium M. avium 100% M. avium 100% 

162 M. avium M. avium 100% M. avium 100% 

163 M. avium M. avium 100% M. avium 100% 

164 M. avium M. avium 100% M. avium 100% 

165 M. avium M. avium 99% M. avium 100% 

166 M. avium M. avium 98% M. avium 100% 

167 M. avium M. avium 99% M. avium 100% 

168 M. avium M. avium 100% M. avium 100% 

169 M. avium M. avium 99% M. avium 100% 

170 M. avium M. avium 99% M. avium 100% 

171 M. avium M. avium 100% M. avium 100% 

172 M. avium M. avium 99% M. avium 100% 

173 M. avium M. avium 100% M. avium 100% 

174 M. avium M. avium 99% M. avium 100% 
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Filename: Map.sh 

#!/bin/bash 

 

#read in values from command line 

fastq1=$1 

fastq2=$2 

ref=$3 

output=$4 

 

#make a directory for the output files 

mkdir $output 

 

#index the ref file 

bwa index $ref 

 

#map 

bwa mem -t 8 $ref $fastq1 $fastq2 > $output/$output.sam 

 

#create a sorted and indexed bam file 

samtools view -b -S $output/$output.sam > $output/$output.tmp.bam 

samtools sort $output/$output.tmp.bam $output/$output 

samtools index $output/$output.bam 

 

 

#clean up 

rm $output/$output.sam 

mv $output.fasta $output 
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Filename: WrapperforMap.sh.py 

import glob, os, sys 

filePath = sys.argv[0] 

 

# use glob to find the input files you want 

# use sorted to just put the output in order 

  

fastqz= sorted(glob.glob(os.path.join("*.fastq.gz"))) 

# use a set to create a non-redundant set of prefix names 

prefixes = set() 

  

for fastq in fastqz: 

    splitz = os.path.basename(fastq).split("_R") 

    prefix = splitz[0] 

    prefixes.add(prefix) 

  

for filename in fastqz: 

    print filename 

  

print prefixes 

 

# for each prefix we find, 

# create two 'new' files called fastq1 fastq2 

# and build the command  

  

for prefix in sorted(prefixes): 

    subfolder = os.path.join(filePath, prefix) 

    fastq1 = prefix+"_R1_001.fastq.gz" 

    fastq2 = prefix+"_R2_001.fastq.gz" 

    ref = "AH16.fasta" 

  

    print "./Map.sh " + fastq1 + " " + fastq2 + " " + ref + " " + prefix  

    command = "./Map.sh %s %s %s %s"%(fastq1,fastq2,ref,prefix) 

    print command 

      

    os.system(command) 
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Mycobacterium chimaera is a nontuberculous mycobacterium
(NTM) of the Mycobacterium avium complex (MAC) asso-

ciated with opportunistic infections in patients with underlying
lung disease (1). More recently, M. chimaera has been identified as
a causative agent of postoperative cardiovascular infections in sev-
eral European countries (2, 3). In spite of its emerging clinical
relevance, the genetics and pathophysiology of this species remain
largely uncharacterized and whole-genome sequencing studies of
this pathogen are yet to be described.

To gain insight into the genomics of this species, we undertook
whole-genome sequencing of three clinical M. chimaera respira-
tory isolates, recovered from specimens at the Irish Mycobacteria
Reference Laboratory (Dublin, Ireland). M. chimaera isolates were
identified by sequence analysis of the 16S rRNA gene and 16S-23S
rDNA spacer (ITS) region (4, 5). Resultant 16S and ITS sequences
shared 100% identity with M. chimaera strain FI-0169T
(AJ548480.2) originally described by Tortoli and colleagues (1).
Total M. chimaera genomic DNA from each isolate was sequenced
using a paired-end approach on an Illumina MiSeq instrument
(TrinSeq, Trinity College, Dublin, Ireland). Sequence reads were
quality-trimmed using Trimmomatic and assembled using
Spades version 3.6.0 (6, 7). Resultant contigs were oriented to the
M. intracellulare MOTT-02 genome (CP003323.1) using ABACAS
(8). Gene annotation was performed using the NCBI Prokaryotic
Genomes Automatic Annotation Pipeline (PGAAP; http://www
.ncbi.nlm.nih.gov/genome/annotation_prok). The features and
assembly statistics of all three M. chimaera isolates are detailed in
Table 1.

Comparative analysis of M. chimaera genome assemblies re-
vealed an average nucleotide identity (ANI) of 99.9% between
strains, consistent with their assignment to a common species (9).
In contrast, a lower ANI of 97.7% was obtained when assemblies
were compared to M. intracellulare—a closely related yet distinct
species of the MAC. The observed ANI values correlate with ob-
served divergence in the M. chimaera 16S rRNA gene and ITS
regions relative to M. intracellulare and lend credence to the use of
the 16S rRNA gene and ITS sequence analysis to distinguish
M. chimaera clinically (1, 2, 5).

Analysis of reciprocal BLAST hits among non-pseudogene-
coding sequences revealed a set of 4,951 genes common to all three
M. chimaera isolates (10). Strains MCIMRL2 and MCIMRL6 ex-
hibited a higher degree of similarity to each other than to MCI-
MRL4, sharing 5,230 genes, whereas MCIMRL4 shared 4,993 and
5,044 genes with MCIMRL2 and MCIMRL6, respectively. MCI-
MRL4 divergence was also reflected in comparative analysis of the
4,951 common gene sequences; MCIMRL4 diverged from MCI-
MRL2 and MCIMRL6 by 2,763 and 2,825 “core” single nucleotide
variants (SNVs), respectively, whereas only 242 SNVs separated
MCIMRL2 and MCIMRL6. Among the common genes shared by
all three strains were putative host-interaction factors, including
several conserved type-VII secretion systems and multiple PE/
PPE/PE-GRS-family proteins, which represent important viru-
lence determinants in other pathogenic mycobacteria (11).

This report represents the first whole-genome sequencing
study of M. chimaera—an emerging opportunistic pathogen of
the MAC. The data will serve as a useful reference for M. chimaera

TABLE 1 Genomic sequence assembly overview

Strain
Yr
isolated

Specimen
type

Total
reads

Assembly
size

Fold
coverage % G�C

Contigs
(�2 kb) N50 (bp)

Largest
contig (bp)

No. of
ORFsa

GenBank
accession no.

MCIMRL2 2009 Sputum 3,466,168 6,087,047 50� 67.7 247 46,281 161,388 5,632 LJHL00000000
MCIMRL4 2013 Sputum 4,040,276 6,020,776 77� 67.7 210 89,969 201,826 5,553 LJHM00000000
MCIMRL6 2014 BALb 3,334,536 6,451,412 67� 67.6 150 71,588 195,331 5,983 LJHN00000000
a ORFs, open reading frames.
b Bronchoalveolar lavage.
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genomic epidemiology and provide the first insights into the po-
tential virulence determinants of this pathogen.

Nucleotide sequence accession numbers. This whole-genome
shotgun project has been deposited at DDBJ/EMBL/GenBank un-
der the accession numbers listed in Table 1.
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Evaluation of GenoType NTM-DR Assay
for Identification of Mycobacterium
chimaera
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ABSTRACT Identification of species within the Mycobacterium avium complex (MAC) is
difficult, and most current diagnostic laboratory tests cannot distinguish between
species included in the complex. Differentiation of species within the MAC is impor-
tant, as Mycobacterium chimaera has recently emerged as a major cause of invasive
cardiovascular infections following open heart surgery. A new commercial diagnostic
assay, GenoType NTM-DR ver. 1.0, is intended to differentiate between three species
within the MAC, namely, Mycobacterium avium, Mycobacterium intracellulare, and My-
cobacterium chimaera. In this study, we investigated an archival collection of 173
MAC isolates using 16S rRNA and 16S-23S internal transcribed spacer (ITS) gene se-
quencing, and GenoType NTM-DR was evaluated for identifying M. chimaera and
other species belonging to the MAC. Species identification of 157/173 (91%) isolates
with the GenoType NTM-DR assay was in agreement with 16S rRNA and 16S-23S ITS
gene sequencing results. Misidentification occurred with 16 isolates which belonged
to four species included in the MAC that are rarely encountered in clinical speci-
mens. Despite some limitations of this assay, GenoType NTM-DR had 100% specific-
ity for identifying M. chimaera. This novel assay will enable diagnostic laboratories to
differentiate species belonging to the Mycobacterium avium complex and to accu-
rately identify M. chimaera. It can produce rapid results and is also more cost effi-
cient than gene sequencing methods.

KEYWORDS GenoType NTM-DR, Mycobacterium avium complex, Mycobacterium
chimaera, genotypic identification

Mycobacterium chimaera is a slow-growing nontuberculous mycobacterium re-
cently recognized as a novel species within the Mycobacterium avium complex

(MAC) (1). Similarly to Mycobacterium avium and Mycobacterium intracellulare, M.
chimaera is associated with infections primarily in immunosuppressed patients and in
those with an underlying lung disease (2–4). However, identifying M. chimaera as the
cause of these infections is difficult, as it is often misidentified as M. intracellulare using
current phenotypic and molecular tests (5). Many commercial assays such as GenoType
Mycobacterium CM (Hain Lifescience, Nehren, Germany), AccuProbe MAC culture iden-
tification test (Genprobe, United States), and Inno LiPA Mycobacteria (Immunogenetics,
Ghent, Belgium) cannot distinguish between these two closely related species (6).

The importance of accurate identification of M. chimaera is highlighted by its recent
emergence as a major cause of life-threatening cardiovascular infections following
open heart or vascular surgery (5, 7–11). Recent outbreaks of invasive M. chimaera
infections following cardiac surgery have been reported in several countries in Europe
and in the United States (10–13). Investigations in Switzerland have demonstrated an
airborne transmission route of M. chimaera infection, whereby aerosols from contam-
inated water in heater-cooler units are transmitted to the patient during open heart
surgery (12). Following these reports, many mycobacteriology reference laboratories
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are assisting national investigations in identification of clinical and environmental
isolates of M. chimaera (12, 14).

To date, accurate identification of M. chimaera has required complex molecular
techniques based on sequencing the 16S rRNA gene and/or the 16S-23S internal
transcribed spacer (ITS) region (1, 5). GenoType NTM-DR ver. 1.0 (Hain Lifescience,
Nehren, Germany) is a new commercial assay based on reverse hybridization of a PCR
product to a nitrocellulose strip containing immobilized probes which are specific for
species belonging to the MAC, as well as to the Mycobacterium abscessus complex. The
GenoType NTM-DR ver. 1.0 assay targets the 23S rRNA gene region for the identification
of species belonging to the MAC, whereas the erm gene is used to differentiate
between members of the M. abscessus complex. The binding of the amplified product
to a specific probe results in the development of a colored band on the strip which
allows the species to be identified by its banding pattern.

The aim of this study was to identify M. chimaera isolates among MAC isolates in a
retrospective collection that were previously identified to the species level with the
GenoType Mycobacterium CM assay. In this study, gene sequencing methods were
used to reidentify MAC species and the specificity of the GenoType NTM-DR assay for
identifying species belonging to the MAC was determined.

RESULTS

Sequencing of both 16S rRNA and ITS genes reidentified 79/144 (55%) of our
M. intracellulare isolates as M. chimaera. All nonclinical isolates were also identified as
M. chimaera by sequencing the two gene regions. However, only 49/144 (34%) of M.
intracellulare identifications by 16S rRNA and ITS gene sequencing were in concordance
with the original identifications that were made with the GenoType Mycobacterium CM
assay. On the other hand, ITS gene sequencing identified 16/144 (11%) as other species,
including Mycobacterium arosiense (n � 2), Mycobacterium timonense (n � 3), Myco-
bacterium bouchedurhonense (n � 5), and Mycobacterium marseillense (n � 6). All 29 M.
avium isolates previously identified by the GenoType Mycobacterium CM assay were
also in 100% agreement with 16S rRNA and ITS gene sequencing results. Following this,
the 173 MAC isolates were tested with the GenoType NTM-DR assay.

The GenoType NTM-DR assay correctly identified 157/173 (91%) of MAC isolates to
the species level, while misidentification occurred in 16 cases (Table 1). Results for all
79 M. chimaera, 49 M. intracellulare, and 29 M. avium isolates were in 100% agreement
with 16S rRNA and ITS gene sequencing results. Misidentification of isolates occurred
with 2 M. arosiense strains, 3 M. timonense strains, 5 M. bouchedurhonense strains, and
6 M. marseillense strains which were identified only by ITS gene sequencing. Although
the GenoType NTM-DR assay does not contain specific probes for these uncommon
species, the hybridization patterns identified them as M. intracellulare. The sensitivity
and specificity of the GenoType NTM-DR assay for the identification of M. chimaera
were 100%.

TABLE 1 Comparison of gene sequencing methods and GenoType NTM-DR for the
identification of 173 Mycobacterium avium complex species

No. of
strains

Gene sequencing result GenoType NTM-DR result

16S rRNA 16S-23S ITS Band patternsa Identification

29 M. avium M. avium CC, UC, SP1 M. avium
49 M. intracellulare M. intracellulare CC, UC, SP2 M. intracellulare
79 M. chimaera M. chimaera CC, UC, SP2, SP3 M. chimaera
2 MACb M. arosiense CC, UC, SP2 M. intracellulare
3 MAC M. timonense CC, UC, SP2 M. intracellulare
5 MAC M. bouchdurhonense CC, UC, SP2 M. intracellulare
6 MAC M. marseillense CC, UC, SP2 M. intracellulare
aA faint band was produced in the universal control for all the isolates tested, and only bands with
intensities stronger than the universal control were considered. CC, conjugate control probe; UC, universal
control probe; SP1 to SP3, species-specific probes.

bMAC, Mycobacterium avium complex.
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DISCUSSION

In this study, GenoType NTM-DR was evaluated for the identification of M. chimaera
and other Mycobacterium species belonging to the MAC. The novelty of this assay is
that it allows differentiation of M. intracellulare from M. chimaera. With the use of 16S
rRNA and ITS gene sequencing, 79 M. chimaera isolates were identified from a collec-
tion of 144 isolates which were previously identified as M. intracellulare. The ITS
sequences obtained showed 100% identity with that of M. chimaera FI-0169T (1). A
similar retrospective Belgian study found that 63% of clinical M. chimaera isolates had
been incorrectly identified with the GenoType Mycobacterium CM assay (15). Results of
recent whole-genome sequencing of respiratory M. chimaera isolates also support the
use of 16S rRNA and ITS gene sequencing to distinguish M. intracellulare and M.
chimaera, as there is an even greater divergence between these two species at the
genomic level (16).

All MAC isolates identified by 16S rRNA and ITS gene sequencing were tested with
the GenoType NTM-DR assay. Of 173 isolates, 157 developed the expected banding
pattern and 16 were incorrectly identified. A conjugate control band was produced on
the strips of all tested isolates, indicating the efficiency of the conjugate binding and
substrate reaction for the production of a colored band on the strip. However, faint
bands were produced in the universal control (UC) for all the isolates tested (Fig. 1). This
may have been due to the inefficient amplification of DNA which was displayed when
confirmation of PCR product was performed. All M. chimaera isolates developed strong
species-specific (SP) bands at SP probe 2 (SP2) and SP3 only. The interpretation of
banding patterns present which represent more than one species must be carefully
performed, and only patterns showing strong species-specific bands should be taken
into account. This limitation has also been noted with the previous line probe assay
GenoType Mycobacterium CM and the AS assay (Hain Lifescience, Nehren, Germany)
(17). In our study, some M. chimaera isolates also produced a weak band at SP1, which
might have been interpreted as a mixture of M. avium and M. chimaera. However, these
were not considered true species-specific bands, as only bands that were much
stronger than that seen with the UC were taken into account. Similarly, all M. intracel-
lulare isolates tested produced a strong species-specific band at SP2 only and very few
M. intracellulare isolates produced a faint band at SP3. However, these bands were
always very faint or fainter than that seen with the UC and were similarly disregarded.
Likewise, all M. avium isolates produced a strong SP1 band only, resulting in correct
identification. From our study, we would propose that only those bands with intensities
that are stronger than that seen with the UC should be considered.

The MAC also comprises other species which are often misidentified as M. intracel-

FIG 1 GenoType NTM-DR test strips of M. chimaera, M. intracellulare, and M. avium. All 79 M. chimaera,
49 M. intracellulare, and 29 M. avium isolates produced the correct species banding pattern. However, the
universal control (UC) band were very faint in all the isolates tested and only bands with intensities
stronger than those seen with the UC were considered. No antibiotic resistance mutation bands were
present in the three test strips shown at the top of the figure.
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lulare with the GenoType Mycobacterium CM assay (18). We observed several other
MAC species, including M. arosiense, M. marseillense, M. timonense, and M. bouched-
urhonense, which were misidentified as M. intracellulare with the GenoType Mycobac-
terium CM assay (19). Likewise, GenoType NTM-DR misidentifies these species also, as
they cross-react with the M. intracellulare species probes present on the strips. How-
ever, those other species are isolated from clinical samples infrequently. Similarly,
misidentification of M. arosiense as M. intracellulare with the line probe assays Accu-
probe, Inno LiPa Mycobacteria, and GenoType Mycobacterium CM has been previously
reported (18, 20). However, there is a lack of published information on these less
frequently encountered species and further research is needed to determine their
clinical significance and relationship to M. intracellulare. Another limitation to our study
is that other MAC species such as Mycobacterium vulneris and Mycobacterium colom-
biense were not tested with the GenoType NTM-DR assay, and we cannot be sure
whether they would react with the probes present on the strip. However, these species
are rarely reported and we did not identify these species in our collection of isolates
referred between 2007 and 2016.

GenoType NTM-DR also contains probes for detecting genes conferring antibiotic
resistance to macrolides and aminoglycosides. Resistance to these classes of antibiotics
is encoded by the rrl and rrs genes, respectively, and they have been reported
previously in the Mycobacterium abscessus complex (21, 22). Among those studied in
our collection of MAC isolates, only two M. intracellulare isolates developed a corre-
sponding mutation band for macrolide resistance (rrl MUT2; mutation A2058G) or
aminoglycoside resistance (rrs MUT1; mutation A1408G). Retrospective analysis con-
firmed that these two isolates were phenotypically resistant to clarithromycin (MIC,
�64 �g/ml) or resistant to amikacin (MIC not available). Resistance to macrolides and
aminoglycosides was not detected in our collection of M. chimaera and M. avium
isolates with this assay (data not shown). Further research is needed to evaluate the
performance of this assay for characterizing antibiotic resistance genes.

In conclusion, the GenoType NTM-DR assay allows for rapid and specific detection
of M. chimaera isolates and is in good agreement with 16S rRNA and ITS gene
sequencing. Despite some of the limitations of this novel assay, it allows M. chimaera
to be distinguished from M. intracellulare, with 100% specificity. GenoType NTM-DR is
suitable for use in diagnostic laboratories as it is simple, cost-effective, and more
accessible than gene sequencing methods. The GenoType NTM-DR kit contains 96 test
strips, and the assay can be performed without the need to refer samples to other
laboratories for gene sequencing. This assay will be an invaluable test in addition to the
GenoType Mycobacterium CM assay for the identification of M. chimaera, as the
differentiation of MAC species is becoming more important.

MATERIALS AND METHODS
MAC isolate collection. All 173 MAC isolates had been referred to the Irish Mycobacteria Reference

Laboratory between 2007 and 2016. Of these isolates, 162 were previously recovered from clinical
specimens from 119 patients and 11 isolates were recovered from water samples taken from heater-
cooler units referred by Irish cardiothoracic surgery centers. The collection of MAC isolates consisted of
144 M. intracellulare and 29 M. avium isolates which were subcultured from frozen pure cultures at �80°C
in a Bactec MGIT 960 liquid culture system (Becton Dickinson and Company, USA). Species identification
had been performed with the GenoType Mycobacterium CM assay (Hain Lifescience, Nehren, Germany)
as part of routine diagnostics. Further identification methods were not in place to identify M. chimaera
at the time. A reference strain of M. chimaera DSM 44623 was also cultured in a Bactec MGIT 960 liquid
culture system and was included as a positive control for 16S rRNA and ITS gene sequencing and also
for the GenoType NTM-DR assay (1).

16S rRNA and ITS gene sequencing. Identification of MAC isolates to the species level was
performed using 16S rRNA and ITS gene sequencing. Mycobacterial DNA was extracted from liquid
cultures using a GenoLyse (Hain Lifescience, Nehren, Germany) extraction kit according to the manu-
facturer’s instructions, and the 16S rRNA gene was amplified using Seq1 forward and Seq2 reverse
primers as previously described (23). Similarly, the ITS region was amplified using Sp1 forward and Sp2
reverse primers (5, 24). PCR amplification was performed on a Veriti 96-well thermal cycler (Applied
Biosystems, USA), and subsequent PCR products were sequenced using 244 and 259 primers for 16S
rRNA PCR products as previously described (23, 25). ITS gene products were sequenced with the same
primers as those used for DNA amplification. Raw sequence data were analyzed using DNAStar Lasergene
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software version 12.2, and aligned sequences were compared with sequences available on the
National Center for Biotechnology Information (NCBI) website using the Basic Local Alignment
Search Tool (BLAST).

GenoType NTM-DR assay. The GenoType NTM-DR ver. 1.0 assay was performed according to the
manufacturer’s instructions, and the same DNA extracts as those that had been used for gene sequenc-
ing were used for the hybridization assay. For amplification of DNA, a master mix containing 10 �l AM-A
and 35 �l AM-B per sample was prepared, and 5 �l of DNA was added to each PCR tube (Hain Lifescience,
Nehren, Germany). The amplification profile consisted of 15 min of denaturation at 95°C, followed by 10
cycles consisting of 30 s at 95°C and 2 min at 65°C, and an additional 20 cycles comprising 25 s at 95°C,
40 s at 50°C, and 40 s at 70°C, followed by a final extension for 8 min at 70°C. A positive-control isolate
of M. chimaera DSM 44623 was also included for each assay.

Hybridization of amplified products was performed on an automated GT-Blot 48 instrument (Hain
Lifescience, Nehren, Germany) after confirmation of amplified products on a 2% agarose gel. Hybridiza-
tion buffer (1 ml) was added by the instrument to each strip followed by a stop to allow addition of
membrane strips. Following the hybridization procedure, the strips were removed from the instrument
and were allowed to dry. Each strip was labeled and pasted to an evaluation sheet. Results were then
interpreted using a Genotype NTM-DR interpretation chart (Fig. 2).

FIG 2 Interpretation chart for the GenoType NTM-DR assay. The specificities of the bands are as follows:
CC, conjugate control probe; UC, universal control probe; SP1 to SP10, species-specific probes [specific
probes for macrolide resistance mediated by erm(41) which are not applicable to members of the
Mycobacterium avium complex, specific probes for the rrl gene and rrs gene, and mutation probes for
possible detection of resistance to macrolides and aminoglycosides]. Filled boxes indicate complete
staining, striped boxes indicate facultative staining, and blank boxes indicate no staining. WT, wild type.
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